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Ring Expansion and Oxidative Transformations of 
Octaethyl-2-oxochlorin  
Ruoshi Li, Ph.D. 
University of Connecticut, 2018 
This thesis demonstrates in many ways how the extraordinary structural stability of the 
porphyrin macrocycle redirects the reactivity of classic ring expansion reactions, delineating the 
limits of the “breaking and mending of porphyrins” approach toward pyrrole-modified porphyrins 
on the activity of octaethyl-2-oxochlorin and its derivatives. 
The Baeyer-Villiger oxidations are potentially suited to generate such pyrrole-expanded 
porphyrinoids from known octaethyloxochlorin. However, the application of a number of Baeyer-
Villiger oxidation conditions to this ketone merely led to the formation of novel or known 
porphyrinic meso-OH or N-oxide derivatives (Chapter 2). Applied to octaethyloxochlorin oxime, 
a Beckmann rearrangement is potentially suited to generate a nitrogen-expanded porphyrinoid. 
Unexpectedly, this reaction led to a ring-expansion by an oxygen atom (Chapter 3). The Schmidt 
reaction is an alternative to the Beckmann rearrangement to expand a cyclic ketone to a lactam. 
However, when applied toward the conversion of a synthetic porphyrin to a derivative containing 
a non-pyrrolic building block this approach failed to generate the expected lactam. Instead, a 
novel heptaethyl-2-hydroxy-chlorin-3-one and a somewhat regioselective chlorination of the 
meso-positions of the oxochlorin were observed (Chapter 4). The work demonstrates how the 
extraordinary structural stability of the porphyrin macrocycle redirects the reactivity of classic ring 
expansion reactions, delineating some limits of the methodology to convert a pyrrole into a non-
pyrrolic building block 
Ruoshi Li – University of Connecticut, [2018] 
 
ii 
We describe the oxidative ring-opening of octaethyl-2-oxochlorin using two different oxidation 
methods, providing a mixture of all possible regioisomeric products. The three major products 
were spectroscopically characterized (IR, MS, 1D- and 2D NMR spectroscopy) and their 
configurations were deduced (Chapter 5). 
The propensity toward the formation of metal(II) complexes of the 2,12-dioxobacteriochlorin 
framework structure of the naturally occurring tolyporphins was evaluated. A variety of metal(II) 
ions (Co, Ni, Cu, Zn, Cd, Ag, Pd) and Fe(III) could be inserted using standard methodologies 
(Chapter 6).
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1 Introduction  
1.1 Pigments of life 
Over the past 140 years, porphyrins have been widely investigated. The interesting properties 
Over the past 140 years, porphyrins have been widely investigated. The interesting properties of 
porphyrins, including their various colors and aromatic character, have stimulated research into 
this class of organic compound. Porphyrins are abundant in nature and play many important roles 
in both animals and plants. Moreover, porphyrins and their derivatives contribute to the beauty of 
nature and are commonly referred to as the “pigments of life”.1  
Porphyrins are highly conjugated structures with characteristic UV-vis spectra. A strong 
absorption appears around 400 nm, which is known as the Soret band, and smaller peaks show 
up between 500 and 700 nm that are known as Q bands. The Q bands are responsible for the 
intense red or green color of porphyrins in solutions.  
In many animals, heme, an iron porphyrin complex, is a component of hemoglobin and is 
essential for oxygen transportation in the blood. Heme is also involved in redox reactions and 
electron transfer processes. Chlorophyll b, a magnesium complex of a porphyrin-like structure, is 
important for photosynthesis and is found in plants, algae and photosynthetic bacteria. 1
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1.2 Applications of Porphyrinoids  
1.2.1 General view of porphyrin applications 
Porphyrins and their derivatives have been studied intensely for biomedical applications such 
as photodynamic therapy, photoacoustic imaging, photothermal therapy, and fluorescent imaging. 
Metalloporphyrins are suitable for many types of imaging and therapy.2 
1.2.2 Photodynamic therapy  
Porphyrins are also commonly used as light absorbing agents or photosensitizers in 
photodynamic therapy (PDT). Porphyrins can absorb photons of light and transfer energy to 
molecular oxygen, thereby generating reactive oxygen species, such as singlet oxygen, which 
destroy tumor cells. It is well known that red light can penetrate skin deeper than blue light, so it 
will be ideal to synthesize photosensitizer with red light or near IR absorption.3  
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1.2.3 Oxygen sensing 
Metalloporphyrins have shown promise as molecules for oxygen sensing due to their pO2 
dependent emission properties. For a metalloporphyrin based O2 sensor, useful in vivo sensors 
must absorb light within the optical window of tissue (i.e. ~ 700 – 900 nm), have emission in the 
NIR, and have an excited-state that is quenched by O2. Chromophores with these attributes may 
find use for the in vivo full body O2 mapping of mice.4 
1.2.4 Pyrrole modified porphyrinoids  
The preparation of synthetic porphyrinoid derivatives in which one or more of the pyrroles are 
replaced with non-pyrrolic building blocks, so-called pyrrole-modified porphyrins (PMPs), is an 
active area of research.5 There are 22π electrons within the porphyrin system, but only 18 of them 
form a continuous delocalization pathway. According to Hückel’s rule, a conjugated 18 π electron 
system should be aromatic, hence porphyrins are aromatic. The two cross-conjugated, pseudo-
olefinic β,β′-double bonds can react without disturbing the continuous 18π  system.  
All members of the ‘pigments of life’ are tetrapyrrolic pigments. Some may contain reduced 
b,b’-bonds or direct pyrrole-pyrrole linkages and their b-substituents may vary.6 However, there 
are no naturally occurring porphyrinoids known that incorporate fewer or more than four pyrrolic 
building blocks, or a non-pyrrolic heterocycle in the macrocycle.  
The preparation of synthetic porphyrinoid derivatives in which one or more of the pyrroles 
were replaced with non-pyrrolic building blocks is an active area of research.7-14 A number of 
fundamental and practical considerations drive the work. The presence of the non-pyrrolic building 
block may lead to chromophores that are well-tuned for certain applications.15 Also, the non-
pyrrolic building block(s) may possess functional groups at their periphery that are in direct 
conjugation with the chromophore, enabling the utilization of these analogues in sensing 
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applications not accessible to regular porphyrins.16-20 The study of such pyrrole-modified 
porphyrins (PMPs) can also provide fundamental insight into the phenomenon of aromaticity or 
reveal details on how macrocyle conformation affects the electronic structure of porphyrinoids.12, 
21-23 
PMPs are most commonly prepared by total synthesis, notably along the 3+1-strategy 
perfected by the group of Lash.10, 12, 24 Examples of b-alkyl-PMPs containing six-membered rings 
in place of a pyrrole have been synthesized this way, among them non-macrocycle-aromatic 
benziporphyrin 125-27 and the aromatic oxypyriporphyrin 228. 
 
PMPs are also accessible by conversion of a porphyrin.10 For instance, octaethylporphyrin 
(OEP, 3) treated with ozone under carefully controlled conditions, generated oxazolochlorin 4, a 
chlorin analogue.29-31 A step-wise approach of converting OEP to a ring-expanded PMP was first 
described by the group of Bonnett (Scheme 2-1):32-33 OEP is dihydroxylated using OsO4 and 
metalated with a nickel(II) ion source, forming metallochlorin diol 5Ni.32-33 This is susceptible to 
diol cleavage, generating secochlorin diketone 6Ni, that itself is susceptible to an intramolecular 
aldol condensation to form the aromatic pyridinone derivative 7Ni.32-33 We later applied this 
methodology to form the mono- and bis-modified free base analogues.34 
1
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Scheme 2-1. The step-wise conversion of OEP to an oxipyriporphyrin according to Bonnett.32-33 
Multiple heteroatom-expanded meso-arylporphyrin-derived PMPs are known,13 but the 
corresponding b-alkyl-PMPs are much less common.35 A recent example of this rare class is 
lactone 8, the product of an unusual abnormal Beckmann reaction, followed by an intramolecular 
ring-closure reaction and hydrolysis step.35-36 
 
Our group developed a general strategy for conversion of porphyrin to PMPs known as 
“breaking and mending of porphyrins” (Scheme 1-1).13 This four-step approach is described 
below. Step1: Addition of a reagent to the β,β′-double bond of a (metallo)porphyrin converts it to 
a β-functionalized porphyrin or more frequently chlorin. In the approach championed by us, this 
step is an osmium tetroxide-mediated dihydroxylation of a meso-tetraarylporphyrin to generate 
the corresponding dihydroxychlorin or tetrahydroxybacteriochlorins. Step 2: The functionalization 
step provides a versatile synthetic handle for subsequent β,β′-bond cleavage reactions, 
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generating a secochlorin. This could be isolable or an intermediate. Step 3: The functionalities 
generated in the ring cleavage reaction are then utilized in ring-closure reactions, generating a 
multitude of PMPs that may lend themselves to further derivatization, Step 4. This controlled 
approach avoids regioselectivity problems seen in the direct conversion of a non-activated 
porphyrins into PMPs with more than one modified pyrrole.   
 
 
Scheme 1-1. Generalized “Breaking and Mending of porphyrins” Strategy 
1.3 Properties of Octaethylporphyrinoids 
All naturally occurring tetrapyrrolic macrocyles, the ‘pigments of life’, carry alkyl substituents 
at their pyrrolic b-positions;6 yet, the majority of synthetic tetrapyrrole model systems that were 
studied were derived from b-unsubstituted meso-tetraarylporphyrins. The syntheses and 
functionalization of the latter compound class is frequently simple,37-40 including their conversion 
to hydroporphyrins and hydroporphyrin analogues.13, 41-43 While octaalkyl-porphyrins and -
chlorins, such as protoporphyrin IX or the chlorophylls, are readily available in large quantities 
from slaughterhouse wastes44 or plant sources,45 respectively, their derivatization is hampered by 
problems associated with the lack of regioselectivity.46-47 The total syntheses and/or 
functionalization of most b-alkylporphyrins and -hydroporphyrins is also non-trivial,43, 47-48 even 
though the synthetic methodologies toward b-alkyl-substituted hydroporphyrins recently 
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developed by the Lindsey group allow now the preparation of an impressive selection of finely 
tunable hydroporphyrins.43, 48-50 
Among the functionalities at the b-position of a porphyrinic chromophore (on meso-aryl as well 
as b-alkylporphyrins) that influence its electronics in profound ways are the oxo-groups.51-57 For 
example, Lindsey and co-workers synthesized a series of mono- and dioxochlorins, such as 7,17-
dioxobacteriochlorin 9, and studied the (auxochromic) effects to the oxo-functionality.54, 57-58 The 
electronic structure of the 7,17-dioxobacteriochlorin framework was determined to be essentially 
a red-shifted chlorin, and not a typical bacteriochlorin, as the substitution pattern could have 
suggested.58 The strong electronic influences of the b-oxo-functionality are also seen in a special 
case of b-oxoporphyrinoids, the porpholactones. For instance, in dilactone 10 an astonishingly 
large electronic difference is noted between the two regioisomers 107,17 and 107,18, and none of 
them exhibit a typical bacteriochlorin UV-vis spectrum.59 
 
Select dioxochlorin chromophores are also found in nature. Heme d1 11, incorporating a 2,7-
dioxoisobacteriochlorin, is the prosthetic group in cytochrome cd1, the nitrite to nitrous oxide 
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reducing enzyme of some chemo-autotrophic bacteria.60 The 7,17-dioxobacteriochlorin 
chromophore is the basis of tolyporphin A 12, one member of a family of green tetrapyrrolic 
pigments isolated from a cyanobacterium-microbial ecological unit of unknown function but 
endowed with intriguing medicinal properties.61-65 Model system for both chromophores (such as 
9 as a model for 12) were studied.58, 66  
b-Octaethylporphyrin (OEP) is the most readily accessible synthetic b-alkylporphyrin.67-6869 Its 
symmetry simplifies its derivatizations, and a number of methods were reported toward its 
functionalization,70 including its conversion to porphyrinoids containing non-pyrrolic building 
blocks.32-33One utmost simple modification method a b-alkylporphyrins is their treatment with H2O2 
in conc. H2SO4; this reaction goes back to experiments by the group of Hans Fischer in the mid-
1920’s,71 albeit at that time the reaction products were not correctly identified. The true 
connectivity of the major product oxochlorin 13 as the result of the treatment of OEP with 
H2O2/H2SO4 was identified in 1964 by the group of Johnson (Scheme 1-2).72-73 The syntheses of 
the oxochlorins 13 through 18 from OEP proceeded as principally described by Inhoffen and 
Nolte74 and modified in 1980 by Chang,75 in 2 g batches of OEP in 200 mL 96% H2SO4 and using 
3% H2O2, at ice temperatures over the course of about 15 min (at which the starting material OEP 
was converted quantitatively).  
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Scheme 1-2. Oxidation of OEP to the corresponding oxochlorin and dioxoisobacteriochlorin- 
and dioxobacteriochlorin-type isomers.72, 74, 76 
Column chromatography allowed the isolation of, in order of increasing polarity, oxochlorin 13 
(pink, 20% isolated yield), a mixture of dioxochlorins 17, 16, and 18, then 14 (dark green, 4% 
isolated yield), and finally 15 (light green, 6% isolated yield); subsequent preparative plate 
chromatography separated dioxochlorins 17 (purple, 5% isolated yield), 16 (blue, 0.5% isolated 
yield), and 18 (brown, 4% isolated yield) from other oxidation products (triketones, ring-opened, 
and meso-oxygenated molecules).74 Thus, this reaction allowed the isolation and identification of 
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10 
all isomers of the diketones: the two possible isomers of the bacteriochlorin series 14 to 16, and 
the three isomers of the isobacteriochlorin series 17 and 18 (as well as triketones and ring-opened 
products).73-76 A dramatic color change when the ketone is positioned at different place is 
observed (Figure 1-1). 
  
Figure 1-1. The color of corresponding diketone isomers: Purple 17, blue 16, light purple 18, 
light green 14 and green 15 
The Johnson group reasoned that the oxochlorin products were formed along single and 
double epoxidation  ® epoxide opening by water ® pinacol-pinacolone rearrangement of the 
resulting trans-diol pathway. None of the intermediates were observed but chlorin cis-diol 19 can 
be prepared independently, and it was shown by Chang and co-workers to be susceptible to a 
pinacol-pinacolone rearrangement, forming oxochlorin 13.77 The applicability of the H2O2/H2SO4 
reaction to other porphyrins than OEP was also demonstrated.78 
Assuming a stepwise process of the formation of the dioxochlorins via oxochlorin 13, the 
modification step of 13 is not subject to any (major) regioselectivity since the combined yields of 
the isobacteriochlorin-type (14, 15, and 16) and bacteriochlorin-type products (17 and 18) are 
essentially the same. This distinguishes this reaction from many other reactions that convert 
chlorins to (iso)bacteriochlorins.79 This is also different compared to the dynamics of the formation 
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of the two dilactone regioisomers 107,17 and 107,18 from a common precursor.59 Four of the five 
dioxo-regioisomers are also formed in comparable yields (their small differences are likely more 
a reflective of the relative difficulty of their isolation), with one exception: 2,8-
dioxoisobacteriochlorin 16 is formed in about an order of magnitude lower yields that all others.  
Since then, the chemical properties of the OEP-derived oxochlorins with respect to 
reduction,80-83 carbonyl C-methylation,75 N-methylation,84 meso-deuteration,85 osmylation,86 and 
thionation87 reactions were studied. We also found oxochlorin 13 to be a versatile starting material 
for the preparation of a number of meso-derivatives and a pyrrolinone ring-expanded product.35, 
88-90 The group of Stolzenberg prepared and studied a range of metal complexes.80, 91 We recently 
reported the single crystal X-ray structures of the free base and Ni(II) complex of oxochlorin 13, 
their oximes,88 the free base N-oxide,89 a mono- and a bis-meso-chloride;90 the structure of 
dioxobacteriochlorin 17 was reported previously.87 The Pt(II) complex of 13 was used as an optical 
oxygen sensor.92 The crystal structures and/or metal-based reactivity of the Ni(II),80 Cu(II),93 
Co(II),94 and Fe(III)91, 95 complexes of 13 and the Ni(II),96-97 Co(II),94 and Fe(III),66 Cu(II)66, 98 
complexes of dioxoisobacteriochlorin isomer 14 were conveyed, also. 
Thus, the mono- and select di-oxochlorins are not entirely unexplored. It is surprising, 
however, that no comprehensive comparative study of the electronic properties of all octaethyl-
mono- and di-oxochlorins was reported, particularly given that they have been known now for 
nearly 50 years. 
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2 Baeyer-Villiger Oxidation Conditions 
2.1 Introduction 
A number of classic reactions are known that expand a ring by an oxygen or nitrogen atom, 
the reaction of oxochlorin 1 under a range of standard Baeyer-Villiger reactions conditions 
(peracetic acid; TFA/H2O2/CH2Cl2; p-aminoperbenzoic acid/CH2Cl2; m-CPBA/CH2Cl2)4-5 did not 
elicit any reactions, even after extended reaction times. However, the addition of Na2CO3 to 
reactions of 1 with a stoichiometric excess m-CPBA in CH2Cl2/CH3CN led to the slow formation 
of a product. With Li2CO3 as a base, the reaction was rapid at 0 °C and a non-polar product 4 
could be isolated in acceptable yields after less than 30 min reaction time (Scheme 2-4). 
 
Scheme 2-2. Reaction of oxochlorin 1 under Baeyer-Villiger-type reaction conditions 
The composition of product 4, as determined by ESI+ HR-MS, showed that the starting 
material had taken up a single oxygen atom, as expected for the formation of a lactone. The 1H 
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and 13C NMR spectra of 4 were similar to those of the starting material and ultimately inconclusive 
to assign a connectivity (Figure 2-1). 
 
Figure 2-1. 13C NMR (100 MHz, CDCl3, 25 °C) spectra of starting material 1 and product 4 
The Q-band region of the UV-vis spectrum of 4 is broadened and not at all chlorin-like, as we 
expected for any of the lactone structures (Figure 2-2).  
 
Figure 2-2. UV-vis spectra (CHCl3) of the compounds indicated 
1 
4 
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Insertion of Ni2+ into product 4 generated the nickel complex 1Ni. These chemical and 
spectroscopic findings suggested the N-oxide structure for 4, a connectivity of which was 
confirmed by single crystal X-ray diffractometry (Figure 2-3). 
 
Figure 2-3. Stick representation of the X-ray single crystal structures of oxochlorin-N-oxide 4 (A: 
top view, B: side view) and meso-formyloxy-2-oxochlorin 5OCHO (C: top view, D: side view). 
Arrows indicate perspective for side views. All hydrogen atoms bonded to carbon and solvents 
(if present) removed for clarity 
The structure clarifies the position of the N-oxide oxygen at the nitrogen opposite of the 
pyrrolinone moiety. Porphyrin N-oxides, including octaethylporphyrin N-oxide, as well as chlorin 
N-oxides are known.3, 6-9 As also shown previously,7, 9 N-oxidation tilts the oxidized pyrrolic moiety 
out of co-planarity with the remainder of the macrocycle without causing other major distortions.7, 
9 However, the tilt observed in 4 is by 5-10° slightly more pronounced (25.4°) than in other 
examples of porphyrin N-oxides.3, 6-9 
2.1.1 Reaction of Octaethyloxochlorin 1 with Persulfate/Oxone® 
Treatment of oxochlorin 1 with persulfate (H2SO4/K2S2O8 or Oxone®) also does not lead to a 
ring-expansion reaction but to the formation of a complex mixture of all possible diketone isomers 
in different amounts, such as 6 (one of the major products) (Scheme 2-4). These diketones are 
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known and were previously prepared by H2SO4/H2O2 oxidation.10-14 They are likely formed by one-
pot b,b’-epoxidation ® epoxide opening ® pinacol-pinacolone rearrangement. We are currently 
evaluating whether the use of persulfates as oxidants serves any advantage over the use H2O2 
in the generation of the diketone isomers. 
In an attempt to perform a Baeyer-Villiger-type ring expansion reaction using K2S2O8 in the 
presence of a weaker acid than conc. H2SO4, we tested conc. aq formic acid. Treatment of 
oxochlorin 1 (purple on TLC) under these conditions generated a novel compound 5OCHO (green 
on TLC) with a chlorin-like optical spectrum (Figure 2-2). Its 1H NMR spectrum seemed to show 
the preservation of all four meso-hydrogens of the starting material (four signals in the range 
between 9 and 10 ppm) but its 13C NMR spectrum (Figure 2-4) indicated the presence of a second 
carbonyl ketone group (signal at 161.8 ppm) as well as a significantly downfield shift meso-
hydrogen carbon (signal at124.9 ppm). 
 
Figure 2-4. 13C NMR (100 MHz, CDCl3, 25 °C) spectrum of 5OCHO 
 Its IR spectrum suggested the presence of two carbonyl functionalities, one assigned to the 
unaltered ketone functionality (at 1703 cm-1; cf. to the corresponding peak at 1711 cm-1 for 1) and 
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a new aldehyde nC=O stretch, at 1750 cm-1. The spectroscopic data supported the meso-
formyloxy-substituted oxochlorin structure of 5OCHO, also affirmed by X-ray diffraction (Figure 2-3). 
The meso-substituent is not sterically demanding. Thus the conformation of 5OCHO is 
essentially as planar as the parent ketone 1.15 The regioselectivity of the reaction suggests that 
the meso-position adjacent to the oxo-functionality is the most reactive meso-position in 
oxochlorin 1, a finding that could be supported by other reactions in which this position reacted 
specifically over all others.16 Oxidative meso-acetoxylation and trifluoroacetoxylations of chlorins 
have been reported before by the groups of Inhoffen and Smith, though generally more than one 
regioisomers formed.17-18 We found some evidence for a possible origin of this regioselectivity.16 
On silica gel TLC plates and in acidic solution (CH2Cl2 + 0.5% TFA) 5OCHO slowly forms another 
green product of lower polarity and possessing a chlorin-like UV-vis spectrum over time. The use 
of conc. H2SO4 much accelerated this reaction. The product 5-hydroxy-2-oxochlorin 5OH is known 
and accessed previously by deacetylation of the corresponding meso-acetoxylated products.17-18 
The facile loss of CO from 5OCHO was also observed in the ESI+ MS. Under standard conditions 
(100% CH3CN, 30 V cone voltage), the most prominent peak corresponds to 5OH (as its [MH]+ 
species). Only upon reduction of the cone voltage (to 5 V), the molecular peak of 5OCHO (also as 
its [MH]+ species) became detectable (Figure 2-5). 
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Figure 2-5. ESI+ MS of 5OCHO (100% CH3CN), cone voltage at 5 V. Loss of CO is suppressed 
and the parent ion [M+H]+ is visible 
 
2.1.2 Reaction of [Octaethyloxochlorinato]Ni(II) 1Ni under Baeyer-Villiger-type Oxidation 
Conditions 
Since reaction of free base 1 under Baeyer-Villiger conditions (m-CPBA, base) led to the 
formation of the corresponding N-oxide 4 (Scheme 2-4), we tested these conditions on the 
N-protected metallated complex 1Ni in the hopes to redirect the oxidation reaction to the ketone 
functionality (Scheme 2-5). The oxidative transformation of b-substituted (metallo)porphyrins was 
previously shown to be most versatile.19-22 One green and one blue product were isolated from 
this reaction. The green compound proved to be [octaethyl-5-hydroxy-2-oxochlorinato]Ni(II) 
5OHNi, the known metal complex of 5OH.23 The spectroscopic data of the light blue product 
corresponded to the [5-(3-chlorobenzoyl)oxy-2-oxoporphyrinato]nickel(II) complex 5OCBNi. The 
presence of a meso-substituted benzyl group, correlated using HSQC scans (Figure 2-6), was 
seen in its 1H NMR spectra; the regiochemistry of the substitution was deduced through the 
similarity of the spectra with those of, for example, 5OHNi. IR spectrum showed the presence of 
Baeyer-Villiger Oxidation 
 
 
26 
two carbonyl peaks (at 1748 and 1707 cm-1). This result again indicated that the meso-position 
adjacent to the carbonyl group is more readily oxidized than the 5-membered pyrrolinone is 
oxidatively expanded. 
 
Figure 2-6. HSQC NMR spectrum (400/100 MHz, CDCl3, 40 °C) of 5OCBNi 
 
Scheme 2-3. Reaction of metallooxochlorin 1Ni under Baeyer-Villiger-type reaction conditions 
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2.2 Conclusions 
In conclusion, standard Baeyer-Villiger reaction conditions applied to oxochlorin 1/1Ni did not 
provide the expected (metallo)lactones. Instead, a number of oxochlorin oxidation products 
featuring an inner nitrogen N-oxide or oxidized meso-positions were isolated. Thus, oxidations of 
these positions of the oxochlorin macrocycle are more readily accomplished than the targeted 
ring-expansion reactions. We deduce this to be a consequence of the exceedingly stable and 
strain-free planar conformation of the starting materials. Any deviations from this conformation is 
expected to be energetically costly. We previously observed in the meso-tetraaryl-substituted 
pyrrole-modified series that ring-expansion reactions were thwarted by the particular stability of 
the planar porphyrinic macrocycle architecture.24-26 As the third part of this series of reports will 
also highlight, electronic effects also increase the reactivity of the meso-positions in oxoporphyrins 
toward electrophilic attacks, and particularly direct this reactivity – as also observed here -toward 
the meso-position adjacent to the oxo-functionlity.16 Some of the functionalized chlorins or chlorin 
analogues might prove useful for further derivatizations. 
2.3 Experimental Section 
2.3.1 Materials and Instrumentation  
Solvents and reagents were used as received. OEP 27 was converted to oxochlorin 1 using 
either the procedures described by Chang et al. or Inhoffen et al.10, 13 Aluminum-backed, silica gel 
60, 250 μm thickness analytical plates, 20 ´ 20 cm, glass-backed, silica gel 60, 500 μm thickness 
preparative TLC plates, and standard grade, 60 Å, 32-63 μm flash column silica gel were used. 
Alternatively, flash column chromatography was performed on an automated flash 
chromatography system, on normal-phase silica gel columns. The fluorescence yields (f were 
determined relative to that of octaethylporphyrin of 0.13, benzene (lexcitiation = lSoret).28 
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1H and 13C NMR spectra were recorded with Bruker 400 MHz instruments in the solvents 
indicated and are referenced to residual solvent peaks. UV/Vis spectra were recorded with a Cary 
50 spectrophotometer, fluorescence spectra with a Cary Eclipse fluorimeter, both Varian, Inc. 
High- and low-resolution mass spectra were provided by the Mass Spectrometry Facility, 
Department of Chemistry, University of Connecticut. 
2.3.2 Synthesis and characterization 
Octaethyl-2-oxochlorin-22-N-Oxide (4). Ketone 1 (30.5 mg, 5.45 ´ 10-5 mol) was dissolved 
at 0 °C in CH2Cl2 (12 mL) and acetonitrile (1 mL) in a 25 mL round bottom flask kept under N2. 
Solid Li2CO3 (17 mg, 2.32 ´ 10-4 mol, 4.25 eq) was added. m-Chloroperbenzoic acid (m-CPBA, 
182.5 mg, 11 ´ 10-4 mol, 20 eq) dissolved in CH2Cl2 (2 mL) was added to the reaction mixture. 
After 30 min in the ice bath, the mixture was washed with a sat’d aq NaHCO3 solution, followed 
by water. The organic layer was collected and dried over anhyd Na2SO4, and the solvent removed 
under rotary evaporation. N-oxide 4 was isolated by column chromatography (silica gel-100% 
CHCl3) as brownish green powder (13.4 mg, 1.5 ´ 10-5 mol, 43% yield); recovery of ketone 1 
(~3.5 mg, ~10%). 4: MW = 566.8 g/mol; Rf = 0.33 (silica-100% CHCl3); 1H NMR (400 MHz, CDCl3, 
25 °C): δ 9.77 (s, 1H; meso-CH), 9.76 (s, 1H; meso-CH), 9.63 (s, 1H; meso-CH), 9.11 (s, 1H; 
meso-CH), 4.04-3.98 (m, 8H; CH2CH3), 3.75-3.70 (m, 4H; CH2CH3), 2.78-2.72 (m, 4H; 
diastereotopic-CH2CH3), 1.93-1.82 (m, 18H; CH2CH3), 0.48 (t, 3J(H,H) = 7.3 Hz, 6H; 
diastereotopic-CH2CH3) ppm; 13C NMR (100 MHz, CDCl3, 25 °C): δ 212.2, 166.1, 149.9, 140.9, 
140.6, 139.9, 139.6, 138.1, 137.6, 137.0, 136.4, 135.9, 134.3, 129.8, 129.3, 99.3 (meso-CH), 96.7 
(meso-CH), 93.5 (meso-CH), 93.1 (meso-CH), 60.4, 31.7, 19.8, 19.5, 19.4, 19.6, 18.6, 18.5, 18.3, 
18.2, 17.8, 17.7, 8.7 ppm; IR (neat): nC=O = 1708 cm-1; UV-vis (CH2Cl2) λmax (log e): 405 (4.92) nm, 
all Q-bands are broadened into a single band stretching from 450-650 nm; HR-MS (ESI+,CH3CN, 
TOF): m/z calc’d for C36H47N4O2 567.3694 (for M·H+); found: 567.3668.  
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Figure 2-7. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of 4 
 
Figure 2-8. 13C NMR spectrum (100 MHz, CDCl3, 25 °C) of 4 
N
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Figure 2-9. UV-vis spectrum (CHCl3) of 4 
 
Figure 2-10. IR spectrum (neat, diamont ATR) of 4 
Octaethyl-2-oxo-20-formyloxy-chlorin (5OCHO). In a round bottom flask, oxochlorin 1 (25.0 
mg, 4.5 ´ 10-5 mol) was dissolved in 90% aqueous formic acid (12 mL). K2S2O8 (160.0 mg, 7.5 ´ 
10-4 mol, 14 eq) was added and the mixture was stirred for 1.5 h at r.t. The mixture was poured 
into ice water (50 mL) and stirred for 20 min. The crude product was extracted with CH2Cl2 (´ 3). 
The combined organic layers were washed with a sat’d aq NaHCO3 solution (´ 3). The organic 
N
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O
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layer was isolated, dried over anhyd Na2SO4, and evaporated to dryness by rotary evaporation. 
The residue was separated by preparative TLC (silica-50% CH2Cl2/hexanes) to afford product 
5OCHO as a reddish purple powder (5.1 mg, 20%, 9.0 ´ 10-6 mol); starting material ketone 1 (8.1 
mg, 32%, 1.46 ´ 10-5 mol) could be recovered; the product mixture also included varying small 
quantities of 5OH. 5OCHO: MW= 594.8 g/mol, Rf = 0.35 (100% CH2Cl2); 1H NMR (400 MHz, CDCl3, 
25 °C): d 9.95 (s, 1H; meso-CH), 9.71 (s, 1H; meso-CH), 9.12 (s, 1H; OCHO), 9.07 (s, 1H; meso-
CH) 4.09- 3.88 (m, 12H; CH2CH3), 2.74-2.69 (m, 4H; diastereotopic-CH2CH3), 1.92-1.79 (m, 18H; 
CH2CH3), 0.36 (t, 3J (H,H)= 7.4 Hz , 6H; CHHCH3), -2.45 (br s, 1H; NH), -2.72 (br s, 1H; NH) ppm; 
13C NMR (100 MHz, CDCl3, 25 °C): δ 209.2, 162.8, 161.8, 155.3, 151.1, 145.5, 143.5, 140.3, 
140.2, 138.9, 138.4, 137.9, 137.4, 136.9, 132.6, 128.3, 124.9, 100.8 (meso-CH), 96.8 (meso-CH), 
91.1 (meso-CH), 62.0, 32.0, 21.2, 19.72, 19.66, 19.6, 19.3, 18.6, 18.5, 18.3, 18.13, 18.05, 17.3, 
8.3 ppm; IR (neat): nC=O (ketone) = 1704 cm-1, nC=O (aldehyde) = 1751 cm-1; UV-vis (CHCl3) λmax 
(log e): 409 (4.80), 514 (3.50), 553 (3.60), 584 (3.42), 639 (3.97) nm; Fluorescence λmax (C6H6, 
λexc = 404 nm): 650 nm, f = 0.07; HR-MS (ESI+,CH3CN, TOF): m/z calc’d for C37H47N4O3 
595.3643 (for M·H+); found: 595.3626. 
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Figure 2-11. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of 5OCHO 
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Figure 2-12. meso-Region of the 1H-1H NOESY (400 MHz, CDCl3) spectrum of 5OCHO, allowing 
the assignment of the meso-protons 
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Figure 2-13. 13C NMR spectrum (100 MHz, CDCl3, 25 °C) of 5OCHO 
 
 
Figure 2-14. IR spectrum (neat, diamont ATR) of 5OCHO 
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Figure 2-15. UV-vis spectrum (CHCl3) of 5OCHO 
 
Figure 2-16. Fluorescence emission spectrum (C6H6) of 5OCHO lexcitation = 409 nm 
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Figure 2-17. ESI+ MS of 5OCHO (100% CH3CN), cone voltage at 30 V.  Essentially only the 
deformylated ion is observed (M+H-CO]+ 
   
Figure 2-18. ESI+ MS (100% CH3CN, 15 V cone Voltage) of 5OCHO   
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Chemical Formula: C36H47N4O2+
calc'd for: 567.3694
Chemical Formula: C37H47N4O3+
calc'd for: 595.3643
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Octaethyl-2-oxo-20-hydroxychlorin (5OH). A crude mixture of 5OCHO prepared from 
oxochlorin 1 (26 mg) in dry CH2Cl2 as described above, was transferred into a 50 mL round bottom 
flask and conc. sulfuric acid (H2SO4, 1 mL). The mixture was stirred at r.t for 20 min and was then 
washed with water (´ 3), sat’d aq NaHCO3 solution (´ 3), dried over Na2SO4, and evaporated to 
dryness by rotary evaporation. The crude residue was separated by preparative TLC (silica-50% 
CH2Cl2/hexanes) to afford product 5OH as a greenish purple powder (4.2-7.3 mg, 16-28%, 0.7-1.3 
´ 10-5 mol); starting material ketone 1 (~8 mg, ~30%, ~1.4 ´ 10-5 mol) could be recovered. 5OH: 
MW = 566.8 g/mol; Rf = 0.55 (100% CH2Cl2); 1H NMR (400 MHz; CDCl3 , 40 °C): d 13.59 (s, 1H; 
meso-COH), 9.48 (s, 1H; meso-CH), 9.08 (s, 1H; meso-CH), 8.51 (s, 1H; meso-CH), 4.03-3.68 
(m, 12H; CH2CH3), 2.70-2.64 (m, 4H; diastereotopic-CH2CH3), 1.83-1.73 (m, 18H; CH2CH3), 0.41 
(t, 3J(H,H) = 7.4 Hz, 6H; CHHCH3), -0.68 (br s, 2H; NH); 13C NMR (100 MHz, CDCl3, 40 °C): δ 
214.2, 161.2, 157.9, 150.8, 145.7, 144.4, 142.4, 139.8, 139.3, 139.2, 138.6, 137.7, 137.5, 132.2, 
131.2, 125.9, 101.6 (meso-CH), 93.6 (meso-CH), 90.2 (meso-CH), 62.6, 30.7, 20.9, 19.5, 19.4, 
19.2, 18.4, 18.3, 17.9, 17.7, 17.6, 16.8, 8.2 ppm; IR (neat): nC=O (ketone) = 1648 cm-1; UV-vis 
(CHCl3) λmax (log e): 406 (4.64), 423 (4.81), 585 (3.76), 641 (3.96) nm; Fluorescence λmax (C6H6, 
λexc = 410 nm): 645 nm, f = 0.06; HR-MS (ESI+,CH3CN, TOF): m/z calc’d for C36H47N4O2 
567.3694 (for M·H+); found: 567.3691. These data are consistent with the 1H NMR, IR, and UV-
vis spectral data reported previously.18, 23 
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Figure 2-19. 1H NMR spectrum (400 MHz, CDCl3, 40 °C) of 5OH 
N
NH N
HN
O
OH
N
NH N
HN
O
OH
Baeyer-Villiger Oxidation 
 
 
39 
 
Figure 2-20. 13C NMR spectrum (100 MHz, CDCl3, 40 °C) of 5OH 
 
Figure 2-21. IR spectrum (neat, diamont ATR) of 5OH 
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Figure 2-22. UV-vis spectrum (CHCl3) of 5OH 
 
Figure 2-23. Fluorescence emission spectrum (C6H6) of 5OH lexcitation = 410 nm 
 [Octaethyl-2-oxo-20-(3-chlorobenzoyloxy)chlorinato]nickel(II) (5OCBNi). Nickel ketone 
1Ni (25 mg, 4.1 ´ 10-5 mol) was dissolved in CH2Cl2 (12 mL) in a 25 mL round bottom flask. At 
ambient conditions, meta-chloroperbenzoic acid (m-CPBA, 17 mg, 9.7 ´ 10-5 mol, 2 eq) dissolved 
in CH2Cl2 (2 mL), was added to the reaction mixture. The mixture was stirred for 45 min. After this 
time, the mixture was washed with a sat’d aq NaHCO3 solution, followed by water. The organic 
layer was collected and dried over anhyd Na2SO4, and the solvent removed by rotary evaporation. 
Product 5OCBNi was isolated by column chromatography (silica gel-70% CH2Cl2/hexanes) as a 
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green powder (7.6 mg, 1.1 ´ 10-5 mol, 27% yield); recovery of nickel ketone 1Ni (10.3 mg, 41%). 
5OCBNi: MW = 762.0 g/mol; Rf = 0.33 (silica-CHCl3); 1H NMR (400 MHz, CDCl3, 40 °C): d 9.36 (s, 
1H; meso-CH), 9.24 (s, 1H; meso-CH), 8.56 (t, 4J(H,H) = 1.7 Hz, 1H; Ph-CH), 8.49 (dt, 3J(H,H) = 
7.7, 4J(H,H) = 1.2 Hz, 1H), 8.50-8.48 (m, 1H; Ph-CH), 8.43 (s, 1H; meso-CH), 7.74 (ddd, 3J(H,H) 
= 8.1, 4J(H,H) = 2.1, 4J(H,H) = 1.2 Hz, 1H; Ph-CH) 7.63 (t, 3J(H,H) = 7.9 Hz, 1H; Ph-CH), 3.73 (m, 
12H; CH2CH3), 2.60-2.52 (m, 2H; diastereotopic-CH2CH3), 2.42-2.34 (m, 2H; diastereotopic-
CH2CH3), 1.78-1.66 (m, 18H; CH2CH3), 0.55 (t, 3J(H,H) = 7.3 Hz, 3H; diastereotopic-CHHCH3), 
0.45 (t, 3J(H,H) = 7.3 Hz, 3H; diastereotopic-CHHCH3) ppm; 13C NMR (100 MHz, CDCl3, 40 °C): 
δ 206.1, 165.7, 152.6, 145.0, 144.4, 143.4, 143.1, 142.1, 141.7, 141.3, 140.1, 140.0, 138.3, 137.1, 
135.0, 134.9, 133.4, 132.3, 130.5, 130.1, 128.6, 127.5, 126.0, 102.1 (meso-CH), 98.3 (meso-CH), 
91.4 (meso-CH), 63.1, 31.7, 31.6, 21.5, 19.5, 19.4, 19.36, 19.31, 19.2, 18.2, 18.1, 18.0, 17.9, 
17.8, 17.0, 8.5, 8.4 ppm; IR (neat): nC=O = 1748 and 1707 cm-1; UV-vis (CHCl3) λmax (log e): 405 
(4.92) nm; HR-MS (ESI+, 100% CH3CN, TOF): m/z calc’d for C43H47ClN4 NiO3 760.2690 (for M+); 
found: 760.2673. 
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Figure 2-24. 1H NMR spectrum (400 MHz, CDCl3, 40 °C) of 5OCBNi 
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Figure 2-25. 13C NMR spectrum (100 MHz, CDCl3, 40 °C) of 5OCBNi 
 
Figure 2-26. UV-vis spectrum (CHCl3) of 5OCBNi 
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Figure 2-27. IR spectrum (neat, diamont ATR) of 5OCBNi 
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3 Beckmann Rearrangement Conditions  
The preparation of synthetic porphyrinoid derivatives in which one or more of the pyrroles 
were replaced with non-pyrrolic building blocks, so-called pyrrole-modified porphyrins (PMPs), is 
an active area of research.1-8 PMPs are commonly prepared by total syntheses along 3+1 
pathways.4, 6, 9 However, PMPs are also accessible by conversion of a porphyrin, whereby many 
more examples exist for the conversion of meso-tetraphenylporphyrins than for the conversion of 
octaethylporphyrin (OEP, 1).4 Among the few examples involving OEP (or its nickel complex) is 
its conversion to pyridinone derivative 8Ni, firstly described by the group of Bonnett.10-11 We later 
extended their methodology (aldol condensation of an intermediate secochlorin diketone) toward 
the formation of mono- (2) and bis-modified free base analogues.12 One other example is the 
ozone-mediated conversion of 1 to an oxazolochlorin.13-15 
 
A number of reactions are known that expand a ring by a nitrogen atom.16 Prominent among 
them are the Beckmann rearrangement, and related reactions.17-18 In principle, porphyrins are 
susceptible to Beckmann rearrangements, as a recent example from our laboratories 
demonstrated (Scheme 3-1).  
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Scheme 3-1. Beckmann rearrangement conditions applied to meso-tetraphenylporphyrin-based 
oximes 3 and 3Ni 
         Oxime 3Ni of [meso-tetraphenyl-based porphyrin dionato]Ni(II) 4Ni (or its Pd(II) and Pt(II) 
complexes) underwent a Beckmann rearrangement to form imide 5Ni.19 However, free base 
oxime 3 did not undergo such a rearrangement and exclusively formed quinoline-annulated 
porphyrin 6 instead, the product of an intramolecular cyclization with the flanking meso-phenyl 
group.20-22 We attributed this central metal-dependent change in reactivity to the change in 
conformational flexibility upon metalation. 
An OEP-derived ketone is known, octaethyloxochlorin 7M; it is accessible along two 
complementary routes,23-25 and its regular ketone reactivity was demonstrated.25-27 We therefore 
identified 7M as potentially being susceptible to the formation of oxime 8M and its Beckmann 
rearrangement to either lactam isomers 9M or 10M. Given the higher migratory aptitude of benzyl 
moieties over aryl moieties, the formation of lactam 10M was expected to be more probable. Alas, 
the demonstrated influence of the metallation on the outcome of these type of reactions (cf. to 
Scheme 3-1) also suggested that a prediction of the outcomes of ring-expansion reactions of 
8/8Ni is less than certain. Case in point are the thwarted predictions that ketones 7/7Ni should be 
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susceptible to Baeyer-Villiger and Schmidt reactions.28-29 This makes the experimental verification 
of the proposed Beckmann rearrangement of oxime 8/8Ni all the more interesting. 
 
Scheme 3-2. Proposed Beckmann rearrangement of octaethyloxochlorin oximes 8M to provide 
lactams 9M or 10M 
Expanding on our earlier communication,30 we present here the full details of the surprising 
outcomes of applying Beckmann conditions to oxochlorin oxime 8 (and 8Ni). The reaction of free 
base 8 yields an 1,3-oxazine-based PMP lactone, formed along an unusual abnormal Beckmann 
rearrangement pathway and subsequent reactions. We will be delineating the mechanism of the 
reaction by trapping of the key intermediate and its structural characterization. We will also detail 
the conformational effects resulting from the insertion of an oxygen atom into ketone 7. For this, 
the metric parameters of the free base and nickel(II) complexes of ketone 7 and oxime 8 were 
evaluated using X-ray diffractometry.  
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3.1 Results and Discussion 
3.1.1 X-Ray Crystal Structure of Octaethyloxochlorin 7Ni 
The single crystal X-ray structure of the [oxochlorinato]nickel(II) complex 7Ni was previously 
reported by Stolzenberg.31 We could confirm the key findings with a complete high-resolution 
structure. The compound exhibits a planar and ruffled conformation in two independent molecules 
(Figure 3-1), likely indicating that within the lowest-energy ruffling deformation modes the 
macrocycle possesses some flexibility that can be modulated within the energy regime of crystal 
packing effects. As is generally the case for ruffled nickel porphyrinoids, this deformation mode 
reduces the Ni-N bond distances to 1.940 Å from 1.973 Å in the planar conformation.32-33 The 
structure of free base oxochlorin 7 will be discussed below. 
3.1.2 Formation and Structure of Octaethyloxochlorin Oximes 
Reaction of oxochlorins 7 with hydroxylamine readily converted it to the corresponding oxime 
8 (Scheme 3-3). This reaction underlines the regular ketone reactivity of oxochlorin 7. Insertion of 
Ni(II) under standard reaction conditions is readily possible, without any hydrolysis of the oxime 
moiety, forming 8Ni. Oximes 8/8Ni showed all the expected spectroscopic data. 
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Scheme 3-3. Formation of the oxochlorin oxime isomers 
 
Figure 3-1. Stick representation of the X-ray single crystal structures of the oxochlorin nickel 
complex 7Ni (A: top view, and B: side view of one of the two independent molecules in the 
crystal structure of 7Ni, located at a crystallographic special position; C: top view, and D: side 
view of the second independent molecule of 7Ni, located at a general position), oxime nickel 
complex 8Ni-E (E: top view, and F: side view), and its free base 8-E (G: top view, and H: side 
view). Arrows indicate perspective for side views. All disorder, hydrogen atoms bonded to 
carbon and solvents (if present) removed for clarity.  
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The 1H NMR spectrum of 8 indicates the formation of an inseparable mixture of two rapidly 
equilibrating compounds of the same mass in an approximately 1:5 ratio, assigned to its E- and 
Z-oxime isomers. In the minority compound, one of the meso-protons (designated Ha, Scheme 2-
3) is 1.2 ppm more downfield shifted (10.99 ppm) compared to the corresponding proton (Hb) in 
the majority isomer (9.73 ppm). Since the 8-Z oxime isomer can interact with the neighboring 
meso-proton, while the isomeric 8-E could not, we assign the minority compound to be 8-Z(Figure 
3-2). 
 
Figure 3-2. 1H NMR spectrum (400 MHz, CDCl3, 25 °C ) of 8. Hydrogen labeled “a” assigned to 
represent the meso-H of 8-Z, species labeled “b” assigned to represent the meso-H of 8-E 
 A comparable finding is made for the nickel complex 8Ni (Figure 3-3).  
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Figure 3- 3. Expansion of the meso-H region of the 1H NMR spectrum (400 MHz, CDCl3, 25 °C) 
8Ni, indicating the presence of a 6:1 mixture of the E and Z isomers. Hydrogen labeled “a” 
assigned to represent the meso-H of 8Ni-Z, species labeled “b” assigned to represent the meso-
H of 8Ni-E 
When we determined the crystal structures of 8 and 8Ni, we found that both oximes 
crystallized exclusively as their majority, lower-energy E-isomers (Figure 3-1). Nickel porphyrins 
and chlorins are most often–but not always–ruffled.34 The conformation of the macrocycle in both 
the free base oxime 8-E and its nickel complex 8Ni-E are idealized planar, resulting in the 
expression of relatively long Ni-N bond distances in 8Ni-E (1.976 Å). 
3.1.3 Reaction of Octaethyloxochlorin Oximes under Classic Beckmann Conditions 
Exposure of free base oxime 8 to a range of acidic conditions typically used to induce 
Beckmann rearrangements (TsCl/CH2Cl2, p-TSA/toluene, SOCl2/CH2Cl2, TFA, H2SO4 and HCl)35 
resulted in no reaction or, more often, merely hydrolyzed oxime 8, and oxochlorin 7 was 
recovered. Eventually, we found that a mixture of PCl5 and BF3·Et2O rapidly converted the 
brownish-purple oxime 8 to a high polarity, sky-blue compound 13OH (Scheme 3-4).36 We were 
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encouraged by the fact that this product possessed the same composition (C36H48N5O for MH+, 
as per HR-ESI+) as oxime 8 and therefore also the target lactams 9/10. However, a number of 
spectroscopic and chemical findings indicated that product 13OH unlikely possessed a lactam 
connectivity: For instance, its UV-vis spectrum was much broadened and unlike any chlorin-type 
spectrum we would have expected for 9 or 10 (see experimental section); the product was 
unexpectedly chemically very sensitive also and converted in solution in good yields to the stable 
green compound (blue on TLC) 11 upon handling, isolation, or storage, within minutes to hours; 
the 13C NMR and IR spectra of 13OH did not reflect the presence of a lactam carbonyl group; and, 
finally, the collision-induced fragmentation ESI+ MS spectrum indicated that the molecule readily 
loses HCN. This was not expected for a lactam-bearing molecule of the types 9 or 10.  
 
Figure 3-4. UV-vis spectra (CHCl3) of the compounds indicated 
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Scheme 3-4. Mechanism of formation of 1,3-oxazinochlorin 11 from oxime 8 along an abnormal 
Beckmann reaction pathway 
The composition of the stable secondary product 11 (C36H47N4O2 for MH+, as per HR-ESI+) 
suggested that, compared to the composition of 13OH, the replacement of an NH group by an O 
atom had taken place. It exhibits a regular chlorin-like UV-vis spectrum with a blue-shifted longest 
wavelength of absorbance band, when compared to the spectrum of the parent ketone 7 
(Figure 3-4). It showed a strong lactone nC=O signal at 1754 cm-1 in its IR spectrum (Figure 3-5).  
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Figure 3-5. IR spectrum (neat, diamond ATR) of 11 
Importantly, a comparison of the 1H NMR spectral data of product 11 and 13OH revealed large 
shifts that suggest that a substantial chemical framework change had taken place during the 
conversion (Figure 3-6). 
 
Figure 3-6. Time-dependent 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of 13OH (meso-
hydrogen region) showing the conversion to 11 
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A single X-ray crystal structure analysis of product 11 unambiguously confirmed the product 
to be the lactone-based PMP octaethyl-1,3-oxazinochlorin (Figure 3-7). Thus, a ring-expansion 
of oxochlorin 7 by an oxygen had taken place, with the oxygen inserted between the carbonyl and 
the a-position of the ring. Overall, therefore, a pyrrole moiety in the ultimate starting material 
octaethylporphyrin 1 was replaced by an 1,3-oxazinane-4-one moiety. A number of 1,4-
oxazinane- (morpholine-) containing pyrrole-modified porphyrins were reported,4, 22, 37-41 but prior 
to our preliminary communication firstly reporting 11,30 no PMP incorporating an 1,3-oxazinane 
moiety had become known. 
A comparison of the solid state conformations of 7 and 11 illustrates the distortions that took 
place upon insertion of the oxygen atom into the pyrrolinone ring (Figure 3-7). Oxochlorin 7 is 
near-perfectly planar. The ring expansion of 7 led to a non-planar conformation of the partially 
saturated 1,3-oxazin-4-one moiety, but this distortion translates only little into the remainder of 
the macrocycle. Comparable cases are seen for the free base morpholinochlorins.38-39 This might 
rationalize why lactone 11 possesses a regular chlorin UV-vis spectrum. We cannot yet fully 
rationalize why the spectrum of 11 is blue-shifted compared to the spectrum of 7. Even a slight 
distortion of the porphyrin mean plane was expected to result in a red-shift.42 We suspect that the 
removal of the ketone functionality from conjugation with the porphyrinic chromophore is mainly 
responsible for this. 
Curiously, product 11 is formally one of the two possible Baeyer-Villiger oxidation products of 
oxochlorin 7 (albeit the less likely regioisomer) but neither of the isomers was accessible by direct 
Baeyer-Villiger oxidation of 7.28 
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Figure 3-7.   Stick representation of the X-ray single crystal structures of oxochlorin 7 (A: top 
view, B: side view) and octaethyl-1,3-oxazinochlorin 11 (C: top view, D: side view). Arrows 
indicate perspective for side views. All disorder, hydrogen atoms bonded to carbon and solvents 
(if present) removed for clarity. 
What is the mechanism of formation of the unexpected lactone 11? Specifically, what is the 
connectivity of its precursor 13OH? Spectroscopic evidence (vide infra) suggested that it is not a 
lactam. Additionally, if this would have been a lactam, the implied facile lactam-to-lactone 
conversion that must have taken place is unlikely considering that this transformation is observed 
only in highly ring-strained lactams,43 but such strains cannot be recognized here. 
In certain cases, an ‘abnormal Beckmann’ pathway can take place and instead of a lactam, a 
ring-opened nitrile alcohol is produced.16, 44-45 This product is formed when the migrating fragment 
departs from the intermediate because of, for instance, ring strain.35 Applied to (protonated) oxime 
8·H+, such a reaction pathway would generate via carbocation 12 nitrile alcohol 13OH 
(Scheme 3-4). Indeed, a nitrile alcohol structure for the initially isolated product 13OH fits all 
spectroscopic data described above. In particular, the observed much broadened UV-vis 
spectrum is typical for secochlorins.4, 10, 37, 46-49 Also, the loss of HCN seen in the ESI+ MS spectra 
of this compound finds a rationalization. Importantly, the steps then leading from 13OH to lactone 
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11 are readily understood: Intramolecular nitrile alcoholysis by the phenolic hydroxyl group with 
concomitant ring-closure to form imine 14 (as the rate-limiting step), followed by imine hydrolysis 
to lactone 11. Imine hydrolysis in 14 is presumably fast as we could not find any direct evidence 
for this intermediate. 
This mechanistic proposal had a number of consequences: Firstly, we devised a direct 
synthesis of lactone 11 that does not require the isolation of 13OH, but involved the quenching of 
the crude reaction mixture of oxime 8 and PCl5 (with or without the addition of BF3·Et2O) with 
water. Despite this seemingly more direct pathway, however, the isolated yield for 11 remained 
low (~20%). But given the facile synthesis of oxime 8, this pathway toward the unique PMP 11 is 
still a feasible pathway toward the unique lactone-based PMP 11. Secondly, the mechanism 
evoked the intermediacy of cation 12 (likely stabilized as an ion pair with PCl6– or BF3Cl– anions). 
This implies that it perhaps could be trapped by a different nucleophile than water. Indeed, 
quenching of the reaction mixture resulting from the treatment of oxime 8 with PCl5 and BF3·Et2O 
with MeOH formed a non-polar product 13OMe possessing the near-identical UV-vis spectrum of 
product 13OH (Figure 3-3). Even though this methoxy nitrile secochlorin was formed in low yields 
(the major product was still lactone 11), it was hydrolytically stable, possessed the expected 
composition (C37H50N5O for MH+, as per ESI+ HR-MS), and allowed its purification and full 
spectroscopic characterization. Inter alia, its 1H NMR spectrum closely resembles that of 13OH 
(with the additional OMe signal at d 4.22 ppm). We were also able to crystallographically 
characterize 13OMe (Figure 3-8).  
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Figure 3-8. Stick representation of the X-ray single crystal structure of secochlorin 13OMe (A: top 
view, B and C: side views). Arrows indicates perspectives for side views. All disorder, hydrogen 
atoms bonded to carbon and solvents (if present) removed for clarity 
The structure confirms the secochlorin connectivity of 13OMe, a small group of porphyrinoids 
in which one pyrrole b,b’-bond is cleaved.4, 10, 37, 46-49 Among the limited examples of 
b-alkylsecochlorins known, none contain an OH-functionality directly bound to the porphyrinic 
π-system. A steric clash between the cyano and the methoxy groups causes a significant 
distortion of the chromophore mean plane from planarity, with the majority of the distortion located 
in the ring-opened section. The structure also shows the close proximity of the oxygen to the 
cyano group carbon (2.58 Å) that leads to the facile intramolecular ring closure reaction in 13OH. 
But unlike 13OH, the methoxy group in 13OMe prevents the intramolecular alcoholysis/ring closure 
® hydrolysis sequence of the nitrile functionality, explaining its chemical stability. 
The quenching of putative cation 12 with aq conc. ammonia also generated lactone 11; no 
indications of the formation of an amine or lactam that might have been formed were detected. 
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While all of the starting oxime 8 is converted, multiple very polar compounds were observed that 
could not be identified. 
Under the reaction conditions described for oxime 8, its nickel complex 8Ni mostly hydrolyzed 
to provide the oxochlorin nickel complex 7Ni but, again, a large number of decomposition products 
were formed that eluded characterization. We interpret the inability of nickel oxime 8Ni to undergo 
a (detectable) Beckmann or abnormal Beckmann pathway (at least as major reaction pathways) 
as an effect of the increased stiffening of the macrocycle with respect to ring expansion as an 
effect of the insertion of the metal ion. 
 
3.1.4 Reaction of Octaethyloxochlorin Oxime 8 under Basic Beckmann Conditions 
In some cases, Beckmann reactions were induced by the reaction of the oxime with 
tosylchloride under basic conditions (CH2Cl2/pyridine) (Scheme 3-4).50 Treatment of free base 
oxime 8 to these conditions provided two new green compounds (along with the hydrolysis 
product oxochlorin 7). The polar fraction 15NH appeared to form prior to the formation of the less 
polar fraction 15NTs. A clear genealogy of the two compounds could be shown by conversion of 
isolated 15NH to 15NTs under the reaction conditions. HR MS suggested that 15NH is the imine 
analogue of oxochlorin 7, also supported by the presence of an intense nC=N stretch at 1640 cm-1, 
and the similarity of the UV-vis (Figure 3-9) and NMR spectra of 7 and 15NH, except for a 
broadened and low-field shifted meso-proton for 15NH. 
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Figure 3-9. Normalized UV-vis spectra (CHCl3) of the compounds indicated 
Compound 15NTs analyzed to be the tosylated analogue of 15NH. Accordingly, hydrolysis of 
15NTs under forcing conditions (THF/MeOH/KOH, D, 2 h) also led to the formation of oxochlorin 7 
as the sole product. The 1H NMR data of 15NTs indicated the presence of the tosyl group, and a 
~0.7 ppm downfield shifted and broadened meso-proton peak suggested an interaction with the 
tosyl group. Somewhat surprising, the UV-vis spectrum of 15NTs is very different from that of the 
non-tosylated derivative 15NH, with an almost order of magnitude lower extinction coefficient. We 
therefore suspect that the compound may be subject to resonance structures (such as shown in 
Scheme 3-4) that affect the porphyrinic π-system.  
We were able to grow crystals of the mono-protonated product [15NTs·H]+ TFA– from 15NTs in 
the presence of a trace of TFA (Figure 3-9). Despite the disorder inherent in the crystal  (arising 
from the anion, but also the macrocycle), the structure proves the spectroscopically derived 
connectivity of 15NTs, with the imine on the Z-conformation. However, this conformation does not 
show any of the interaction of the tosyl oxygen atoms with the meso-protons implied based on 
spectroscopic evidence. Incidentally, the structure also indicates that this tosylated oxochlorin 
imine (and, as another investigation further indicates, oxochlorins in general),29 only get mono-
protonated in the presence of excess of TFA. This is a dramatic departure from the behavior of 
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regular porphyrins that generally get diprotonated.51-52 Mono-protonation of one imine nitrogen 
distorts their conformation from planarity, exposing the second imine to the solvent, rendering it 
more basic than the first imine, thus leading inevitably to diprotonation. Compound 15NTs also 
assumes a non-planar conformation upon mono-protonation in which the mean plane of the 
protonated pyrrole moiety is about 10° out-of-plane. Evidently, its conjugation with the b-oxo group 
prevents facile diprotonation. However, it must be noted that the crystal structure of a mono-
protonated octaethylporphyrin ([1·H]+ I3–) has also become known, with slightly greater distortions 
reported as observed for [15NTs·H]+ TFA–.53 
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The synthetic utility of tosyl imines is being exploited in a range of transformations.54 This may 
suggest product 15NTs as a suitable substrate for further transformations. 
Conclusions 
In conclusion, Beckmann rearrangement conditions applied to oxochlorin oxime 8 did not 
proceeded to provide the expected lactam but the least expected lactone isomer 11 along an 
abnormal Beckmann rearrangement route, followed by a cascade of a ring-closing and hydrolysis 
reactions. This reaction provided access to the first member of a new class of 1,3-oxazin-based 
chlorin-like pyrrole-modified porphyrins. Ring-expansion led to a modest distortion of the 
macrocycle from planarity. Thus, once again, a regular reactivity of the oxime is not observed 
within the steric confines posed by a porphyrin. 
Figure 3-10. Stick representation of the X-ray single crystal structure of protonated tosylated 
imine [15NTs·H]+ TFA– (A: top view, B: side view). Arrow indicates perspective for side view. 
All disorder, hydrogen atoms bonded to carbon and solvents (if present) removed for clarity 
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3.2 Experimental Section 
3.2.1 Materials and Instrumentation  
Solvents and reagents were used as received. OEP 155-56 was converted to oxochlorin 7 using 
either the procedures described by Chang et al. or Inhoffen et al.23-24 Aluminum-backed, silica gel 
60, 250 μm thickness analytical plates, 20 ´ 20 cm, glass-backed, silica gel 60, 500 μm thickness 
preparative TLC plates, and standard grade, 60 Å, 32-63 μm flash column silica gel were used. 
Alternatively, flash column chromatography was performed on an automated flash 
chromatography system, on normal-phase silica gel columns. The fluorescence yields (f were 
determined relative to that of octaethylporphyrin of 0.13 (benzene).57  
1H and 13C NMR spectra were recorded with Bruker 300 and 400 MHz instruments in the 
solvents indicated and are referenced to residual solvent peaks. UV/Vis spectra were recorded 
with a Cary 50 spectrophotometer, fluorescence spectra with a Cary Eclipse fluorimeter, both 
Varian, Inc. High- and low-resolution mass spectra were provided by the Mass Spectrometry 
Facility, Department of Chemistry, University of Connecticut. 
Octaethyl-2-(hydroxyimino)chlorin (8) as a 1:5 Mixture of E:Z-Isomers. Octaethyl-2-
oxochlorin (7) (150 mg, 0.27 mmol) was dissolved in pyridine (10 mL) in a 50 mL round-bottom 
flask equipped with a magnetic stir bar. Solid NH4OH·HCl (90 eq, 1.69 g) was added to the warm 
reaction mixture, and the reaction was heated to reflux until no further reaction was detectable by 
TLC (1-2 d). The conversion of the starting material to the product can also be monitored by the 
formation of a sharp peak at ~ 653 nm in the UV-vis spectrum of an aliquot of the reaction mixture. 
The mixture was then evaporated to dryness by rotary evaporation. The residue was dissolved in 
CH2Cl2 and filtered through a glass frit (M), the volume of the filtrate was reduced by rotary 
evaporation, and the mixture separated by column chromatography (silica-gradient of 40% 
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CH2Cl2/hexanes to 70% CH2Cl2/hexanes). The major brown fraction was collected and reduced 
to dryness to provide a brownish-purple powder of 8 (115 mg, 0.19 mmol, 75% yield), composed 
of mostly the E-isomer, with ~15% of the Z-isomer. Starting material 7 was also recovered (15-
30 mg, 10-20% yield). 8: MW = 565.8 g/mol; Rf = 0.25 (silica-CH2Cl2); 1H NMR (400 MHz, CDCl3, 
25 °C): d 9.83 (s, 1H; meso-CH), 9.82 (s, 1H; meso-CH), 9.71 (s, 1H; meso-CH), 8.95 (s, 1H; 
meso-CH), 8.06 (br s, 1H; OH), 4.09-3.95 (m, 12H; CH2CH3), 3.54-3.44 (m, 2H; diastereotopic-
CH2CH3), 2.84-2.72 (m, 2H; diastereotopic-CH2CH3), 1.93-1.85 (m, 18H; CH2CH3), 0.56 (t, 
3J(H,H) = 7.4 Hz, 6H; diastereotopic-CHHCH3), -2.63 (br s, 2H; NH) ppm (11-E only); 13C NMR 
(100 MHz, CDCl3, 25 °C): d 164.9, 164.7, 150.9, 150.5, 143.2, 143.0, 139.3, 139.2, 137.5, 136.5, 
136.3, 135.8, 133.4, 133.2, 98.9 (meso-CH), 98.5 (meso-CH), 89.5 (meso-CH), 89.4 (meso-CH), 
62.0, 31.7, 19.8, 19.5, 19.44, 19.40, 18.7, 18.6, 18.32, 18.30, 18.2, 18.1, 9.5, 8.5 ppm (11-E only); 
IR (neat): nC=N = 1600 cm-1; UV-vis (CHCl3) λmax (log e): 401 (5.29), 502 (4.06), 535 (4.15), 596 
(3.68), 654 (4.65) nm; Fluorescence λmax (C6H6, λexc = 403 nm) (rel. I): 690 (1.0), 714 (0.65), 730 
(0.55) nm, f = 0.18; HR-MS (ESI+, 100% CH3CN, TOF): m/z calc’d for C36H48N5O 566.3853 (for 
M·H+); found: 566.3846. 
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Figure 3-11. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of 8, as a ~1:5 mixture of E- and Z-
isomers. 
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Figure 3-12. 1H NMR spectrum (400 MHz, CDCl3, 25 °C ) of 8. Hydrogen labeled “a” assigned 
to represent the meso-H of 8-Z, species labeled “b” assigned to represent the meso-H of 8-E 
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Figure 3-13. meso-Region of the 1H-1H NOESY (400 MHz, CDCl3) spectrum of 8, allowing the 
assignment of the meso-protons 
 
Figure 3-14. HMBC NMR spectrum of 8, allowing the assignment of the meso-protons 
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Figure 3-15. 13C NMR spectrum (100 MHz, CDCl3) of 8 
 
Figure 3-16. UV-vis spectrum (CHCl3) of 8 
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Figure 3-17. IR spectrum (neat, diamond ATR) of 8 
 
Figure 3-18. Fluorescence emission spectrum (C6H6) of 8 lexcitation = 403 nm 
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Figure 3-19. ESI+ MS (100% CH3CN, 30 V cone Voltage) of 8 
 [Octaethyl-2-(hydroxyimino)chlorinato]nickel(II) (8Ni), as a 1:6 Mixture of E:Z-Isomers. 
Free base octaethyl-2-oxochlorin oxime 8 (10.0 mg, 1.7 ´ 10-5 mol) and nickel(II) acetate 
(Ni(OAc)2·4H2O, 10.0 mg, 4.0 ´ 10-5 mol, 2.4 eq) were dissolved in CH3CN (10 mL) and heated 
to reflux for 2 d. The solution was cooled to room temperature, diluted with CH2Cl2, washed with 
water, and the organic fraction was reduced to dryness by rotary evaporation. The crude material 
was purified by column chromatography (silica-1% MeOH/CH2Cl2). Recrystallization from 
CH2Cl2/hexanes provided the nickel complex 8Ni (8.9 mg, 1.4 ´ 10-5 mol, 81%) as an 1:6 mixture 
of the E:Z-isomers in the form of blue crystals. The two isomers are visible by TLC but rapidly 
equilibrate after separation. 8Ni: MW = 622.5 g/mol; Rf = 0.55 and 0.33 (silica-CHCl3); 1H NMR 
(400 MHz, CDCl3, 25 °C): d9.30 (s, 1H; meso-CH), 9.29 (s, 1H; meso-CH), 9.10 (s, 1H; meso-
NH
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N
OH
Chemical Formula: C36H48N5O+
Calc'd for: 566.3853
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CH), 8.33 (s, 1H; meso-CH), 7.40 (br s, 1H; OH), 3.76-3.69 (m, 8H; CH2CH3), 3.66-3.60 (m, 4H; 
CH2CH3), 3.28-3.19 (m, 2H; diastereotopic-CH2CH3), 2.55-2.45 (m, 2H; diastereotopic-CH2CH3), 
1.75-1.63 (m, 18H; CH2CH3) 0.56 (t, 3J(H,H) = 7.4 Hz, 6H; diastereotopic-CHHCH3) ppm (8Ni-Z 
only); 13C NMR (100 MHz, CDCl3, 25 °C): 162.3, 155.2, 144.0, 143.4, 143.3, 140.4, 140.3, 140.0, 
139.4, 139.0, 138.7, 138.0, 137.3, 137.1, 100.5 (meso-CH), 99.9 (meso-CH), 90.7 (meso-CH), 
89.9 (meso-CH), 60.5, 31.5, 19.6, 19.4, 19.39, 19.32, 19.27, 19.21, 19.15, 19.1, 19.07, 19.06, 
19.03, 19.0, 18.98, 18.96, 18.94, 18.9, 18.14, 18.1, 18.0, 17.8, 17.5, 9.2, 8.5 ppm (8Ni-Z only); IR 
(neat): nC=N = 1657 cm-1; UV-vis (CHCl3) λmax (log e): 403 (4.80), 544 (3.71), 572 (3.63), 620 (4.46), 
702 (3.22) nm; HR-MS (ESI+, 100% CH3CN, TOF): m/z calc’d for C36H45N5ONi 621.2978 (for M+); 
found 621.2977. 
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Figure 3-20. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of 8Ni, as a ~1:6 mixture of E- and Z-
isomers 
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Figure 3-21. Expansion of the meso-H region of the 1H NMR spectrum (400 MHz, CDCl3, 
25 °C) 8Ni, indicating the presence of a 6:1 mixture of the E and Z isomers. Hydrogen labeled 
“a” assigned to represent the meso-H of 8Ni-Z, species labeled “b” assigned to represent the 
meso-H of 8Ni-E 
 
Figure 3-22. 1H-1H NOESY spectrum of 8Ni 
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Figure 3-23. meso-Region of 1H-1H NOESY spectrum of 8Ni 
 
 
Figure 3-24. 13C NMR spectrum (100 MHz, CDCl3, 25 °C) of 8Ni as an 1:6 mixture of the E- and 
Z-isomers 
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Figure 3-25. UV-vis spectrum (CHCl3) of 8Ni 
 
Figure 3-26. IR spectrum (neat, diamond ATR) of 8Ni 
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Figure 3-27. ESI+ MS (100% CH3CN, 30 V cone Voltage) of 8Ni 
Octaethyl-2-cyano-4-hydroxy-secochlorin (13OH). Under dry N2, a 25 mL round bottom 
flask was loaded with oxime 8 (30 mg, 53  ´ 10-6 mol) and dry THF (2 mL) and cooled by an ice 
bath. At 0 °C, PCl5 (30 equiv, 331 mg) dissolved in dry THF was added to the reaction mixture, 
followed immediately by BF3·OEt2 (0.26 mL), and the reaction was held at 0 °C for ~5-10 min until 
TLC and UV-vis spectroscopy indicated the consumption of the starting material. The reaction 
mixture was then quenched using aq conc. NH4OH (30%, 2.0 mL). The reaction mixture was 
transferred to a 125 mL separatory funnel and extracted with CH2Cl2. The organic phase was 
isolated, dried over anhyd Na2SO4, and evaporated to dryness by rotary evaporation. The crude 
mixture was purified on a preparative TLC plate (silica-70% CH2Cl2/hexanes) to furnish 13OH as 
a blue-green powder that, however, is chemically unstable, readily converting to lactone 11, 
thwarting an exact yield determination (that is in the order of 20%). 13OH: MW = 565.8 g/mol; Rf = 
0.08 (silica-CH2Cl2/30% hexanes);1H NMR (400 MHz, CDCl3, 25 °C): d 9.88 (s, 1H; meso-CH), 
N
N N
N
N
OH
Chemical Formula: C36H45N5NiO
Calc'd for: 621.2978
Ni
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9.70 (s, 1H; meso-CH), 9.21 (s, 1H; meso-CH), 8.80 (s, 1H; meso-CH), 4.05-3.95 (m, 12H; 
CH2CH3), 3.63 (br s, 1H; OH), 2.94-2.87 (m, 2H; diastereotopic-CH2CH3), 2.82-2.75 (m, 2H; 
diastereotopic-CH2CH3), 1.89-1.82 (m, 18H; CH2CH3), 1.01 (t, 3J(H,H) = 7.3 Hz, 6H; 
diastereotopic-CHHCH3), -3.02-3.06 (br s, 2H; NH) ppm; UV-vis (CHCl3) λmax (log e): 388 (5.0), 
494 (3.9), 524 (3.8), 586 (3.5), 640 (4.4) nm; HR-MS (ESI+, CH3CN, TOF): m/z calc’d for 
C36H48N5O  566.3853 (for M·H+); found: 566.3859. 
 
Figure 3-28. 1H NMR spectrum (400 MHz, CDCl3) of 13OH 
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Figure 2-28. UV-vis spectrum (CHCl3) of 13OH 
 
Figure 3-29. IR spectrum (neat, diamond ATR) of 13OH 
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Figure 3-30. CID MS spectrum (ESI+, 100% CH3CN) of of 13OH as [13OH·H]+ (m/z = 566) 
Octaethyl-2-cyano-4-methoxy-secochlorin (13OMe). Prepared as described for 13OH, except 
that the reaction mixture was quenched by addition of dry MeOH (6 mL), added drop-wise to the 
reaction mixture. The reaction was then stirred for 4 h, then transferred into separatory funnel and 
extracted with CH2Cl2, at which point the work-up proceeded as described. Purification by 
preparative TLC (silica-30-60% hexanes in CH2Cl2) to yield the purple product 13OMe (1.7 mg, 3.0 
 ´ 10-6 mol, 9% yield); lactone 11 also formed in significant amounts. 13OMe: MW = 579.8 g/mol; 
Rf = 0.11 (silica-CH2Cl2); 1H NMR (400 MHz, CD2Cl2, 25 °C): d 9.05 (s, 1H; meso-CH), 8.71 (s, 
1H; meso-CH), 8.05 (s, 1H; meso-CH), 7.46 (s, 1H; meso-CH), 4.22 (s, 3H; OCH3), 3.67-3.75 (m, 
4H; CH2CH3), 3.54-3.71 (m, 8H; CH2CH3), 2.57-2.69 (m, 4H; diastereotopic-CH2CH3), 1.65-1.76 
(m, 18H; CH2CH3), 0.71 (t, 3J(H,H) = 7.2 Hz, 6H; diastereotopic-CHHCH3), (-NH protons not 
observed) ppm; 13C NMR (100 MHz, CD2Cl2, 25 °C): d 161.7, 153.6, 146.9, 144.3, 143.6, 141.9, 
141.2, 140.3, 138.7, 136.9, 136.0, 134.6, 132.2, 129.6, 122.5, 104.2, 97.3 (meso-CH), 96.2 
CN
HN
N OHNH
NH
Chemical Formula: C36H48N5O+
Exact Mass: 566.3853
-H2O
(18)
Chemical Formula: C36H46N5+
Exact Mass: 548.3748
-C2H5  (29)
Chemical Formula: C34H43N5O•+
Exact Mass: 537.3462
-HCN
(27)
Chemical Formula: C33H42N4O2•
Exact Mass: 510.3359
-OH
(17)
Chemical Formula: C33H41N42•+
Exact Mass: 493.3326
Chemical Formula: C33H40N5O2•+
Exact Mass: 522.3227
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(meso-CH), 81.69 (meso-CH), 81.64 (meso-CH), 55.6, 54.4, 34.7, 19.0, 19.0, 18.9, 18.8, 18.7, 
18.1, 17.7, 17.4, 17.1, 16.6, 9.8 ppm;  IR (neat): nCN = 2232 cm-1; UV-vis (CHCl3) λmax (log e): 
402 (4.82), 512 (3.95), 552 (3.88), 687 (4.07) nm; HR-MS (ESI+, CH3CN, TOF): m/z calc’d for 
C37H50N5O 580.4010 (for M·H+); found: 580.4006. 
 
 
Figure 3-31. 1H NMR spectrum (400 MHz, CD2Cl2, 25 °C) of 13OMe 
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Figure 3-32. 13C NMR spectrum (100 MHz, CD2Cl2, 25 °C) of 13OMe 
 
Figure 3-33. UV-vis spectrum (CHCl3) of 13OMe 
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Figure 3-34. IR spectrum (neat, diamond ATR) of 13OMe 
 
Figure 3-35. ESI+ MS (100% CH3CN, 30 V cone voltage) of 13OMe 
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Octaethyl-1,3-oxazin-4-onochlorin (11). A 25 mL round bottom flask kept under dry N2 was 
loaded with oxime 8 (45 mg, 7.95  ´ 10-5 mol) and dissolved in dry THF (8 mL). The flask was 
chilled in an ice bath and PCl5 (45 equiv, 490 mg) and a large molar excess of BF3·OEt2 (98%, 
0.40 mL) were slowly added, and the reaction was stirred at 0 °C for 10 min. The reaction was 
carefully quenched by drop-wise addition of H2O (50 mL), while the temperature was controlled 
to not exceed 25 °C. After the quenching was completed, the reaction mixture was stirred for an 
additional 30 min. The mixture was transferred into a separatory funnel and extracted with CH2Cl2 
(3 ´ 10 mL). The combined organic phases were washed with a sat’d aq NaHCO3 solution, dried 
over anhyd Na2SO4, and removed to dryness by rotary evaporation. Product 11 was isolated by 
column chromatography (silica gel-CH2Cl2/30% hexanes) as a purple powder (8.8 mg, 1.5 ´ 10-
5 mol, 20% yield); recovery of ketone 7 (~10 mg, ~20%); the majority of the material are very non-
polar green and unidentified fractions. 11: MW = 566.8 g/mol; Rf = 0.51 (silica-30% 
hexanes/CH2Cl2); 1H NMR (400 MHz, CDCl3, 25 °C): d 9.94 (s, 1H; meso-CH), 9.78 (s, 1H; meso-
CH), 9.20 (s, 1H; meso-CH), 8.96 (s, 1H; meso-CH), 4.11-3.91 (m, 12H; CH2CH3), 2.96 (m, 2H; 
diastereotopic-CHHCH3), 2.72 (m, 2H; diastereotopic-CHHCH3), 1.91-1.82 (m, 18H; CH2CH3), 
0.97 (t, 3J(H,H) = 7.3 Hz, 6H; diastereotopic-CHHCH3), -3.25 (br s, 2H; NH) ppm; 13C NMR (100 
MHz, CDCl3, 25 °C): d172.9, 167.7, 151.7, 149.5, 146.8, 144.2, 143.9, 142.7, 139.9, 138.9, 137.7, 
136.5, 135.8, 134.8, 134.7, 132.5, 131.9, 130.9, 128.8, 100.2 (meso-CH), 97.7 (meso-CH), 97.4 
(meso-CH), 87.3 (meso-CH), 70.6, 68.2, 56.1, 38.7, 36.2, 30.4, 28.9, 23.8, 23.0, 19.71, 19.68, 
19.6, 19.5, 19.3, 18.7, 18.5, 18.3, 18.2, 18.1, 17.8, 14.1, 11.0, 10.0 ppm; IR (neat): nC=O = 
1755 cm-1; UV-vis (CHCl3) λmax (log e): 388 (4.89), 492 (3.74), 523 (3.56), 584 (3.27), 612 (3.20), 
638 (4.26) nm; Fluorescence λmax (C6H6, λexc = 394 nm): 642 nm, f = 0.09; HR-MS (ESI+,CH3CN, 
TOF): m/z calc’d for C36H46N4O2 567.3694 (for M·H+); found: 567.3672. 
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Figure 3-36. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of 11 
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Figure 3-37. Overlay of the meso-hydrogen regions of the 1H NMR spectra (CDCl3, 400 MHz, 
25 °C) of 11 and oxochlorin 7 
 
Figure 3-38. 13C NMR spectrum (100 MHz, CDCl3, 25 °C) of 11 
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Figure 3-39. UV-vis spectrum (CHCl3) of 11 
 
Figure 3-40. Fluorescence emission spectrum (C6H6) of 11 lexcitation = 394 nm 
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Figure 3-41. IR spectrum (neat, diamond ATR) of 11 
 
Figure 3-42. CID MS spectrum (ESI+, 100% CH3CN) of 11, as [11·H]+ (m/z = 567) 
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Octaethyl-2-(N-tosylimino)chlorin (15NTs) and Octaethyl-2-iminochlorin (15NH). Method 1: 
A 25 mL round bottom flask was loaded with oxime 8 (20 mg, 3.53 ´ 10-5 mol) and CH2Cl2 (15 mL), 
along with pyridine (0.5 mL), TsCl (120 mg, 6.62 ´ 10-4 mol, ~100-fold molar excess) and heated 
to reflux for 20 min. To solvent was removed by rotary evaporation and the crude mixture was 
purified by column chromategraphy (silica-30% hexanes/CH2Cl2). Product 15NTs was isolated as 
a green powder (2.4 mg, 3.41 ´ 10-6 mol, 9.5% yield) and 15NH (13.4 mg, 2.44 ´ 10-5 mol, 68% 
yield) as a polar reddish brown powder; some oxochlorin 7 was also recovered. Method 2: As 
described for method 1, except that TsCN (200 mg, 1.1 ´ 10-3 mol, 150 eq) was used and the 
reaction mixture was heated to reflux for 2 h; work-up as described to yield 15NTs (14.2 mg, 2.01 
´ 10-5 mol, 38% yield) with 15NH (8.4 mg, 1.53 ´ 10-5 mol, 28% yield), along with some oxochlorin 
7. 15NTs: MW = 704.0 g/mol; Rf = 0.48 (silica-30% hexanes/CH2Cl2) was isolated by column (silica-
30% hexanes/CH2Cl2, later CH2Cl2). 1H-NMR (400 MHz, CDCl3, 55 °C): d10.46 (br s, 1H; meso-
CH), 9.88 (s, 1H; meso-CH), 9.78 (s, 1H; meso-CH), 9.11 (s, 1H; meso-CH), 8.36 (d, 3J(H,H) = 
8.3 Hz, 2H; Ph-CH), 7.53 (d, 3J(H,H) = 8.0 Hz, 2H; Ph-CH), 4.10-3.89 (m, 12H; CH2CH3), 3.40-
3.32 (m, 2H; diastereotopic-CHHCH3), 3.02-2.93 (m, 2H; diastereotopic-CHHCH3), 2.57 (s, 3H; 
CH3), 1.94-1.83 (m, 18H; CH2CH3), 0.35 (t, 3J(H,H)= 7.4 Hz, 6H; diastereotopic-CHHCH3), -2.55 
(br s, 1H; NH), -2.65 (br s, 1H; NH); 13C NMR (100 MHz, CDCl3, 55 °C): d188.3, 165.0, 154.0, 
151.9, 144.7, 143.6, 142.8, 139.8, 138.6, 138.13, 138.06, 136.2, 134.6, 134.5, 130.7, 129.4, 
128.8, 127.1, 99.6 (meso-CH), 97.1 (meso-CH), 96.6 (meso-CH), 90.5 (meso-CH), 64.6, 31.9, 
21.5, 19.6, 19.4, 18.3, 18.1, 18.01, 17.91, 17.8, 8.5 ppm; IR (neat): nC=N = 1606 cm-1; UV-vis 
(CHCl3) λmax (log e): 384 (3.49), 436 (3.82), 594 (3.01), 656 (3.26) nm; Fluorescence λmax (C6H6, 
λexc = 412 nm): 659 nm, f = 0.16; HR-MS (ESI+,CH3CN, TOF): m/z calc’d for C43H54N5O2S 
704.3993 (for M·H+); found: 704.3973. 15NH: MW = 549.8 g/mol; 1H NMR (400 MHz, CDCl3, 50 
°C): d 9.92 (s, 1H; meso-CH), 9.89 (br s, 1H; meso-CH), 9.87 (s, 1H; meso-CH), 9.02 (s, 1H; 
meso-CH), 4.14-3.92 (m, 12H; CH2CH3), 2.82 (m, 2H; diastereotopic-CHHCH3), 2.54 (m, 2H; 
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diastereotopic-CHHCH3), 1.93-1.84 (m, 18H; CH2CH3), 0.36 (t, 3J(H,H)= 7.4 Hz, 6H; 
diastereotopic-CHHCH3), -2.78 (br s, 2H; NH), (imine proton not observed) ppm; 13C NMR (100 
MHz, CDCl3, 50 °C): d 187.5, 163.8, 151.7, 150.7, 143.8, 143.2, 139.5, 139.2, 137.5, 136.9, 136.5, 
135.9, 134.0, 133.2, 99.3 (meso-CH), 98.1 (meso-CH), 90.5 (meso-CH), 90.2 (meso-CH), 59.6, 
33.9, 19.8, 19.54, 19.45, 19.33, 18.64, 18.58, 18.34, 18.24, 18.16, 8.5 ppm; Rf = 0.74 (silica-2% 
MeOH/CH2Cl2). IR (neat): nC=N 1639 cm-1; UV-vis (CHCl3) λmax (log e): 401 (4.58), 501 (3.32), 534 
(3.35), 588 (2.96), 646 (3.93) nm; Fluorescence λmax (C6H6, λexc = 408 nm): 648 nm, f = 0.22; HR-
MS (ESI+,CH3CN, TOF): m/z calc’d for C36H48N5 550.3904 (for M·H+); found: 550.3898. 
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Figure 3-43. 1H NMR spectrum (400 MHz, CDCl3, 50 °C) of 15NH 
 
Figure 3-44. Expansion of the meso-H region of the 1H NMR spectrum (400 MHz, CDCl3, 
25 °C) of 15NH, highlighting the much broadened and low-field shifted signal of one of the meso-
protons 
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Figure 3-45. DEPT-135 NMR spectrum (100 MHz, CDCl3, 50 °C) of 15NH 
 
Figure 3-29. Expansion of the meso-H region of the 1H-1H NOESY spectrum (400 MHz, CDCl3, 
50 °C) of 15NH 
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Figure 3-46. HSQC NMR spectrum (400 MHz, CDCl3, 50 °C) of 15NH, identifying, inter alia, the 
meso-carbon atoms. 
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Figure 3-47. HMBC NMR spectra (400 MHz, CDCl3, 50 °C) of 15NH 
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Figure 3-48. Overlay of 1H NMR spectra (400 MHz, CDCl3, 25 °C) of 15NH (black) and 7 (red) 
 
Figure 3-49. 13C NMR spectrum (100 MHz, CDCl3, 50 °C) of 15NH 
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Figure 3-50. Comparison of 13C NMR spectra of 15NH (red) and 7 (black) 
 
Figure 3-51. IR spectrum (neat, diamond ATR) of 15NH 
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Figure 3-52. UV-vis spectrum (CHCl3) of 15NH 
 
Figure 3-53. Fluorescence emission spectrum (C6H6) of 15NH lexcitation = 408 nm 
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Figure 3-54. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of 15NTs 
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Figure 3-55. 1H NMR spectrum (400 MHz, CDCl3, 55 °C) of 15NTs 
 
Figure 3-56. Overlay of 1H NMR spectra of 15NH (black) and 15NTs(green) 
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Figure 3-57. HSQC NMR spectrum (400/100 MHz, CDCl3, 55 °C) correlations of 15NTs 
 
Figure 3-58. HSQC NMR spectrum (400 MHz, CDCl3, 55 °C) of the meso-proton/carbon region 
of 15NTs 
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Figure 3-59. 13C NMR spectrum (100 MHz, CDCl3, 55 °C) of 15NTs 
 
Figure 3-60. IR spectrum (neat, diamond ATR) of 15NTs 
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Figure 3-61. UV-vis spectrum (CHCl3) of 15NTs 
 
Figure 3-62. Fluorescence emission spectrum (C6H6) of 15NTs lexcitation = 412 nm 
  
                                                                                                        Beckmann Rearrangement Condition 
 
 
105 
3.3 References 
1. Toganoh, M.; Furuta, H., Blooming of confused porphyrinoids—fusion, expansion, 
contraction, and more confusion. Chem. Commun. 2012, 48, 937-954. 
2. Arnold, L.; Müllen, K., Modifying the Porphyrin Core—A Chemist's Jigsaw. J. Porphyrins 
Phthalocyanines 2011, 15, 757-779. 
3. Lash, T. D., Carbaporphyrins, porphyrin isomers and the legacy of Emanuel Vogel. J. 
Porphyrins Phthalocyanines 2012, 15, 423-433. 
4. Brückner, C.; Akhigbe, J.; Samankumara, L., Syntheses and Structures of Porphyrin 
Analogues Containing Non-pyrrolic Heterocycles. In Handbook of Porphyrin Science, Kadish, K. 
M.; Smith, K. M.; Guilard, R., Eds. World Scientific: River Edge, NY, 2014; Vol. 31, pp 1–276. 
5. Szyszko, B.; Latos-Grazynski, L., Core chemistry and skeletal rearrangements of 
porphyrinoids and metalloporphyrinoids. Chem. Soc. Rev. 2015, 44, 3588-3616. 
6. Lash, T. D., Out of the Blue! Azuliporphyrins and Related Carbaporphyrinoid Systems. 
Acc. Chem. Res. 2016, 49, 471-482. 
7. Brückner, C., The Breaking and Mending of meso-Tetraarylporphyrins: Transmuting the 
Pyrrolic Building Blocks. Acc. Chem. Res. 2016, 49, 1080−1092. 
8. Costa, L. D.; Costa, J. I.; Tome, A. C., Porphyrin Macrocycle Modification: Pyrrole Ring-
Contracted or -Expanded Porphyrinoids. Molecules 2016, 21. 
9. Lash, T. D., Porphyrin synthesis by the \"3+1\" approach: new applications for an old 
methodology. Chem.–Eur. J. 1996, 2, 1197-1200. 
10. Adams, K. R.; Bonnett, R.; Burke, P. J.; Salgado, A.; Valles, M. A., The 2,3-secochlorin-
2,3-dione system. J. Chem. Soc., Chem. Commun. 1993, 1860-1. 
11. Adams, K. R.; Bonnett, R.; Burke, P. J.; Salgado, A.; Valles, M. A., Cleavage of (octaethyl-
2,3-dihydroxychlorinato)nickel(II) to give the novel 2,3-dioxo-2,3-secochlorin system. J. Chem. 
Soc., Perkin Trans. 1 1997, 1769-1772. 
12. Ryppa, C.; Niedzwiedzki, D.; Morozowich, N. L.; Srikanth, R.; Zeller, M.; Frank, H. A.; 
Brückner, C., Stepwise Conversion of Two Pyrrole Moieties of Octaethylporphyrin to Pyridin-3-
ones: Synthesis, Mass Spectral, and Photophysical Properties of Mono and 
Bis(oxypyri)porphyrins. Chem.—Eur. J. 2009, 15, 5749-5762. 
13. Fischer, H.; Mladen, D., Über die Einwirkung von Ozon auf Porphyrine. Hoppe-Seylers Z. 
Physiol. Chem. 1933, 222, 270–278. 
                                                                                                        Beckmann Rearrangement Condition 
 
 
106 
14. Shul'ga, A. M.; Byteva, I. M.; Gurinovich, I. F.; Grubina, L. A.; Gurinovich, G. P., Oxidation 
of porphyrins. Structure of the products of octaethylporphine ozonization. Biofizika 1977, 22, 771-
776 (CAPLUS AN 1978:22865). 
15. Sharma, M.; Meehan, E.; Mercado, B. Q.; Brückner, C., Oxazolochlorins 16. β-
Alkyloxazolochlorins: Revisiting the Ozonation of Octaalkylporphyrins, and Beyond Chem.—Eur. 
J. 2016, 22, 11706–11718. 
16. Li, J. J., Name Reactions. 5th ed.; Springer: New York, 2014. 
17. Donaruma, L. G.; Heldt, W. Z., The Beckmann rearrangement. Org. React. 1960, 11, 1–
156. 
18. Gawley, R. E., The Beckmann reactions: rearrangement, elimination-additions, 
fragmentations, and rearrangement-cyclizations. . Org. React. 1988, 35, 14–24. 
19. Akhigbe, J.; Brückner, C., Expansion of a Pyrrole in meso-Tetraphenylporphyrin to a 
Pyrazine Imide Moiety Using a Beckmann Rearrangement. Eur. J. Org. Chem. 2013, 3876–3884. 
20. Akhigbe, J.; Zeller, M.; Brückner, C., Quinoline-Annulated Porphyrins. Org. Lett. 2011, 13, 
1322-1325. 
21. Akhigbe, J.; Luciano, M.; Zeller, M.; Brückner, C., Mono- and Bisquinoline-Annulated 
Porphyrins from Porphyrin β,β'-Dione Oximes. J. Org. Chem. 2015, 80, 499-511. 
22. Akhigbe, J.; Yang, M.; Luciano, M.; Brückner, C., Quinoline-annulated Chlorins and 
Chlorin-Analogues. J. Porphyrins Phthalocyanines 2016, 20, 265–273. 
23. Inhoffen, H. H.; Nolte, W., Zur weiteren kenntnis des chlorophylls und des h‰mins XV 
umwandlung des octa‰thylporphins in octaethyl-geminiporphyrin-polyketone. Tetrahedron Lett. 
1967, 8 , 2185-2187. 
24. Chang, C. K.; Sotitiou, C.; Wu, W., Differentiation of bacteriochlorin and isobacteriochlorin 
formation by metallation. High yield synthesis of porphyrindiones via OsO4 oxidation. J. Chem. 
Soc., Chem. Commun. 1986, 1213-1215. 
25. Bonnett, R.; Dimsdale, M. J.; Stephenson, G. F., Meso-reactivity of porphyrins and related 
compounds. IV. Introduction of oxygen functions. J. Chem. Soc. C 1969, 564-570. 
26. Bonnett, R.; Dolphin, D.; Johnson, A. W.; Oldfield, D.; Stephenson, G. F., Oxidation of 
porphyrins with H2O2 in H2SO4. Proc. Chem. Soc. 1964, 371-372. 
27. Chang, C. K., Synthesis and characterization of alkylated isobacteriochlorins, models of 
siroheme and sirohydrochlorin. Biochemistry 1980, 19, 1971-1976. 
28. Li, R.; Zeller, M.; Brückner, C., Surprising Outcomes of Classic Ring Expansion Conditions 
Applied to Octaethyloxochlorin. 1. Baeyer-Villiger Oxidation Conditions. Eur. J. Org. Chem. 2017, 
2017, 1820-1825. 
                                                                                                        Beckmann Rearrangement Condition 
 
 
107 
29. Li, R.; Zeller, M.; Brückner, C., Surprising Outcomes of Classic Ring Expansion Conditions 
Applied to Octaethyloxochlorin. 3. Schmidt Reaction Conditions. Eur. J. Org. Chem. 2017, 2017, 
1835-1842. 
30. Meehan, E.; Li, R.; Zeller, M.; Brückner, C., Octaethyl-1,3-oxazinochlorin: A β-
Octaethylchlorin Analogue Made by Pyrrole Expansion. Org. Lett. 2015, 17, 2210-2213. 
31. Stolzenberg, A. M.; Glazer, P. A.; Foxman, B. M., Structure, reactivity, and 
electrochemistry of free-base .beta.-oxoporphyrins and metallo-.beta.-oxoporphyrins. Inorg. 
Chem. 1986, 25, 983-991. 
32. Wondimagegn, T.; Ghosh, A., Ruffling Deformations of Nickel(II) and Zinc(II) 
Hydroporphyrin and Chlorophin Complexes: Implications fro F430, the Nickel Tetrapyrrole 
Cofactor of Methylcoenzyme M Reductase. J. Phys. Chem. B 2000, 104, 10858-10862. 
33. Jentzen, W.; Simpson, M. C.; Hobbs, J. D.; Song, X.; Ema, T.; Nelson, N. Y.; Medforth, C. 
J.; Smith, K. M.; Veyrat, M.; Mazzanti, M.; Ramasseul, R.; Marchon, J. C.; Takeuchi, T.; Goddard, 
W. A.; Shelnutt, J. A., Ruffling In a Series Of Nickel(Ii) Meso-Tetrasubstituted Porphyrins As a 
Model For the Conserved Ruffling Of the Heme Of Cytochromes C. J. Am. Chem. Soc. 1995, 117, 
11085-11097. 
34. Senge, M. O., Database of tetrapyrrole crystal structure determinations. In Porphyrin 
Handbook, Kadish, K. M.; Smith, K. M.; Guilard, R., Eds. Academic Press: San Diego, 2000; Vol. 
10, pp 1-218. 
35. Gawley, R. E., The Beckmann reactions: rearrangement, elimination-additions, 
fragmentations, and rearrangement-cyclizations. Org. React. 1988, 35, 1–420. 
36. Reaction conditions from: Bagryanskaya, I. Y.; Gatilov, Y. V.; Osadchii, S. A.; Martynov, 
A. A.; Shakirov, M. M.; Shul'ts, E. E.; Tolstikov, G. A. Chem. Nat. Compounds 2005, 41, 657–662. 
37. Brückner, C.; Rettig, S. J.; Dolphin, D., Formation of a meso-Tetraphenylsecochlorin and 
a Homoporphyrin with a Twist. J. Org. Chem. 1998, 63, 2094-2098. 
38. McCarthy, J. R.; Jenkins, H. A.; Brückner, C., Free Base meso-Tetraaryl-
morpholinochlorins and Porpholactone from meso-Tetraaryl-2,3-dihydroxy-chlorin. Org. Lett. 
2003, 5, 19-22. 
39. Brückner, C.; Götz, D. C. G.; Fox, S. P.; Ryppa, C.; McCarthy, J. R.; Bruhn, T.; Akhigbe, 
J.; Banerjee, S.; Daddario, P.; Daniell, H. W.; Zeller, M.; Boyle, R. W.; Bringmann, G., Helimeric 
Porphyrinoids: Stereostructure and Chiral Resolution of meso-Tetraarylmorpholinochlorins. J. 
Am. Chem. Soc. 2011, 133, 8740–8752. 
                                                                                                        Beckmann Rearrangement Condition 
 
 
108 
40. Samankumara, L. P.; Dorazio, S. J.; Akhigbe, J.; Li, R.; Nimthong-Roldán, A.; Zeller, M.; 
Brückner, C., Indachlorins: Nonplanar Indanone-Annulated Chlorin Analogues with Panchromatic 
Absorption Spectra between 300 and 900 nm. Chem.—Eur. J. 2015, 21, 11118-11128. 
41. Hyland, M. A.; Hewage, N.; Walton, K.; Nimthong Roldan, A.; Zeller, M.; Samaraweera, 
M.; Gascon, J. A.; Brückner, C., Chromene-annulated Bacteriochlorins. J. Org. Chem. 2016, 81, 
3603–3618. 
42. Ryeng, H.; Ghosh, A., Do Nonplanar Distortions of Porphyrins Bring about Strongly Red-
Shifted Electronic Spectra?  Controversy, Consensus, New Developments, and Relevance to 
Chelatates. J. Am. Chem. Soc. 2002, 124, 8099-8103. 
43. Kruger, H.G.; Martins, F. J. C.;  Viljoen, A. M. J. Org. Chem. 2004, 69, 4863-4866. 
44. Hill, R. K.; Conley, R. T., Abnormal Beckmann Rearrangement of Spiroketoximes in 
Polyphosphoric Acid. J. Am. Chem. Soc. 1960, 82, 645–652. 
45. Moss, G. P.; Nicolaidis, S. A., The Mechanism of the “Abnormal” Beckmann 
Rearrangement of Triterpenoid Oxirnes. J. Chem. Soc.; Chem. Commun. 1969, 1077–1078. 
46. Brückner, C.; Hyland, M. A.; Sternberg, E. D.; MacAlpine, J.; Rettig, S. J.; Patrick, B. O.; 
Dolphin, D., Preparation of [meso-Tetraphenylchlorophinato]Nickel(II) by Stepwise Deformylation 
of [meso-Tetraphenyl-2,3-diformylsecochlorinato]Nickel(II): Conformational Consequences of 
Breaking the Structural Integrity of Nickel Porphyrins. Inorg. Chim. Acta 2005, 358, 2943-2953. 
47. Akhigbe, J.; Ryppa, C.; Zeller, M.; Brückner, C., Oxazolochlorins. 2. Intramolecular 
Cannizzaro Reaction of meso-Tetraphenylsecochlorin Bisaldehyde. J. Org. Chem. 2009, 74, 
4927-4933. 
48. Sessler, J. L.; Shevchuk, S. V.; Callaway, W.; Lynch, V., A one-step synthesis of a free 
base secochlorin from a 2,3-dimethoxy porphyrin. Chem. Commun. 2001, 968-969. 
49. Lo, M.; Lefebvre, J.-F.; Marcotte, N.; Tonnelé, C.; Beljonne, D.; Lazzaroni, R.; Clément, 
S.; Richeter, S., Synthesis of stable free base secochlorins and their corresponding metal 
complexes from meso-tetraarylporphyrin derivatives. Chem. Commun. 2012, 48, 3460–3462. 
50. Kenwright, J. L.; Galloway, W. R. J. D.; Wortmann, L.; Spring, D. R., Mild and Efficient 
Synthesis of Benzo-Fused Seven- and Eight-membered Ring Lactams: A Convenient Approach 
to Biologically Interesting Chemotypes. Synth. Commun. 2013, 43, 1508-1516. 
51. Stone, A.; Fleischer, E. B., The molecular and crystal structure of porphyrin diacids. J. Am. 
Chem. Soc. 1968, 90, 2735-2748. 
52. Cheng, B.; Munro, O. Q.; Marques, H. M.; Scheidt, W. R., An Analysis of Porphyrin 
Flexibility-Use of Porphyrin Diacids. J. Am. Chem. Soc. 1997, 119, 10732-10742. 
                                                                                                        Beckmann Rearrangement Condition 
 
 
109 
53. Hirayama, N.; Takenaka, A.; Sasada, Y.; Watanabe, E. I.; Ogoshi, H.; Yoshida, Z. I., X-
Ray crystal structure of octaethylporphinium (monocation) tri-iodide. J. Chem. Soc., Chem. 
Commun. 1974, 330–331. 
54. For recent examples, see: a) K. Maeda, T. Terada, T. Iwamoto, T. Kurahashi, S. 
Matsubara, Org. Lett. 2015, 17, 5284-5287. b) K. Müther, J. Mohr, M. Oestreich, Organometallics 
2013, 32, 6643-6646. c) Y. Qian, G. Ma, A. Lv, H.-L. Zhu, J. Zhao, V. H. Rawal, Chem. Commun. 
2010, 46, 3004-3006. 
55. Sessler, J. L.; Mozaffari, A.; Johnson, M. R., 3,4-Diethylpyrrole and 2,3,7,8,12,13,17,18-
octaethylporphyrin. Org. Synth. 1992, 70, 68-78. 
56. Paine, J. B., III; Kirshner, W. B.; Moskowitz, D. W.; Dolphin, D., An improved synthesis of 
octaethylporphyrin. J. Org. Chem. 1976, 41, 3857-60. 
57. Ohno, O.; Kaizu, Y.; Kobayashi, H. J., Chem. Phys. 1985, 82, 1779–1787. 
 
Schmidt Reaction Conditions 
 
 
110 
4 Schmidt Reaction Conditions 
In the foregoing contributions, we illustrated to which extent classic ring-expansion reaction 
conditions (Baeyer-Villiger oxidation and Beckmann rearrangement conditions) applied to 
octaethyloxochlorin did – or did not – lead to the desired ring-expanded products. 1-2 The work 
aimed at developing novel methodologies to convert a pyrrole in a porphyrin to a non-pyrrolic 
heterocycle. The study of this class of porphyrinoids, the so-called pyrrole-modified porphyrins 
(PMPs), is valuable for a number of fundamental and practical purposes.3-9 For instance, the non-
pyrrolic building block(s) may possess functional groups that are in direct conjugation with the 
chromophore and that enable their utilization in sensing applications.10-14 
Multiple precedents for the conversion of meso-tetraarylporphyrins to PMPs are known.3-9, 15 
Most b-alkylporphyrin-derived PMPs were prepared by total synthesis,6, 8, 16 but some have also 
been synthesized by conversion of octaethylporphyrin (OEP, 1). Examples include oxazolochlorin 
2,17-19 or the PMPs 31, 20 and 421 containing six-membered rings. Other exotic pathways towards 
PMPs have also become known; for instance, chlorophin 5 was formed by serendipity as the 
product of an oxidation and subsequent rearrangement of a [hydrocorrinato]Ni(II) complex.22-23 
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Among the classic reactions known to expand a ring by a nitrogen atom is the Schmidt 
reaction.24 This reaction is an acid-catalyzed reaction of hydrazoic acid (HN3), generated in situ 
from sodium or potassium azide and a strong acid, with a ketone to form an amide/lactam.25 This 
reaction is mechanistically similar to the Beckmann and Hofmann reactions and the Curtius 
rearrangement in that an electropositive nitrogen is formed that initiates a carbon fragment 
migration of a neighboring group, whereby the carbocation intermediate formed is then stabilized 
by uptake of water.26 
Well-known OEP-derived ketone 6 is readily accessible via two complimentary routes,27-29 and 
its regular ketone reactivity was demonstrated.29-31 We thus identified oxochlorin 6 as being 
potentially susceptible to a ring-expansion reaction under Schmidt conditions (Scheme 4-1). 
Parallel to the mechanistic considerations controlling the Beckmann reactions,1 product 8 (over 
7) is also the more likely product of a Schmidt reaction pathway.32-33 However, as multiple 
examples have shown, the steric restrictions imposed by the porphyrin ring can alter the expected 
outcomes of classic reactions.1-2, 21 
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Scheme 4-1. Planned ring-expansion reaction under Schmidt reaction conditions 
Indeed, we will present here another set of unexpected reaction outcomes when applying 
Schmidt reaction conditions to oxochlorin 6. In short, none of the reactions led to the formation of 
the target lactams but generated, depending on the particular reaction conditions chosen, an a-
hydroxyoxochlorin derivative or led to the formation of meso-chlorinated products. In fact, the 
methodology discovered for the step-wise and regioselective meso-chlorination methodology is 
in some respects superior to established methods. 
4.1 Results and Discussion 
4.1.1 Reaction of Oxochlorin under Sulfuric Acid-catalyzed Schmidt Reaction Conditions 
SAFETY NOTICE: NaN3 as well as the volatile and toxic HN3 are potentially explosive! All 
experiments using azides/hydrozoic acid are only to be performed on small scales, in a fume 
hood, and using a blast shield. Following recent recommendations,34 we eliminated the use of 
CH2Cl2 or CHCl3 as reaction solvents to prevent the formation of explosive azidomethanes.  
Treatment of oxochlorin 6 under a number of Schmidt reaction conditions (NaN3/TFA, 
NaN3/H2SO4 at r.t.) only recovered the starting material. Using a 30-fold molar excess of NaN3 in 
hot conc. H2SO4 (130 °C, 2 h), a single, dark green polar product 9 (as a racemic mixture, rac-9) 
formed in 23% yield, along with 16% OEP 1 and 22% recovered 6 (Scheme 4-2).  
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Product 9 possesses a chlorin-like UV-vis spectrum that is similar to that of the starting 
oxochlorin 6 (Figure 4-4). Its composition as determined by HR ESI+ MS (C34H43N4O2 for [M·H]+) 
showed that no additional nitrogen was incorporated into the molecule.  
 
Figure 4-1. ESI+ MS (100% CH3CN, 30 V cone Voltage) of 9 
A signal at 3.35 ppm exchangeable with D2O was observed in the 1H spectrum of 9 and an 
ethyl group was lost (Figure 4-2); 13C NMR spectrum of 9 also further confirmed the alcohol 
functionality where the germinal sp3 carbon was downfield shifted from 60.3 to 80.8 ppm 
(Figure 4-3). The rest of peaks were similar to those of the starting material 6 and ultimately 
inconclusive to assign a connectivity. 
 MS Lab
8/25/2015
File: 082515-Ruoshi Printed by: You-Jun Fu
Sample:
Date Run: 8/25/2015 (3:40:53) Run By: Instrument: AccuTOF
 TIC: 59242
Scan: 632-643  R.T.: 2.13
480 500 520 540 560 580 600m/z
%
100
80
60
40
20
0
497.2902
539.3309
555.3328
521.3223 556.3378
523.3396
527.3325
Schmidt Reaction Conditions 
 
 
114 
 
Figure 4-2. 1H NMR spectrum (400 MHz, CDCl3, 40 °C) of 9 
 
Figure 4-3. 13C NMR spectrum (100 MHz, CDCl3, 40 °C) of 9 
The ketone functionality was preserved, as seen by the presence of a nC=O stretch (at 
1694 cm-1) in its IR spectrum. Thus, the a-hydroxy ketone (acyloin) structure 9 seemed possible, 
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and was confirmed by single crystal X-ray diffraction (Figure 4-5). Not surprisingly, the 
replacement of an ethyl group at the gem-diethyl portion of the molecule by a hydroxy group does 
not perturb the near-planar conformation of the chromophore.1 The deviations from planarity 
within the pyrrolinone moiety are so small as to be readily crystal-packing-induced. 
 
Scheme 4-2. Reaction of oxochlorin 6 under Schmidt reaction conditions and putative reaction 
mechanism for the formation of product rac-9. 
 
Figure 4-4. UV-vis spectra (CHCl3) of the compounds indicated 
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Figure 4-5. Stick representation of the X-ray single crystal structure of 3-hydroxy-2-oxochlorin 
rac-9, oblique view. All disorder and hydrogen atoms bonded to sp3-carbons removed for clarity.  
The presumed mechanism of formation of 9 is straight forward. Assuming the Schmidt 
reaction initiated in the standard way, forming azidohydrin intermediate 10 that subsequently 
dehydrated to form 11, it set the stage for the (formal) formation of the nitrene by loss of N2.25 The 
nitrene is then stabilized by a 1,3-migration of a single ethyl group, forming ethylimine 12. 
Hydrolysis of the ethylimine functionality upon aqueous work-up would generate rac-9. The facile 
hydrolysis of imines of type 12 was observed before.1 
The mechanism for the formation of OEP 1, amounting to a formal reduction, is less clear. 
Perceivably, azidohydrin 10 can be protonated/dehydrated and one of the adjacent ethyl groups 
migrates back to this position, followed by a reduction/nitrogen elimination event. We note that 
azide is a strong reducing agent (E° = -3.09 V).35 However, we are not aware of any reaction in 
which azide/hydrazoic acid were utilized to accomplish a comparable 2-electron reduction as 
required for the above reaction mechanism. 
Thus overall, the prerequisite for the Schmidt reaction, namely the migration of the quaternary 
benzylic pyrrolidine carbon, did not take place. Instead an ethyl group of relative lower migratory 
aptitude migrated. This likely indicates that the expansion of the five-membered pyrrolinone to a 
six-membered pyrazine is sterically too demanding. The finding that the steric restrictions 
imposed by the porphyrin framework redirect the expected reaction into alternate reaction 
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channels is similar to the observation that the oxime of oxochlorin 6 undergoes an abnormal 
Beckmann reaction instead of the anticipated regular Beckmann rearrangement.1 
4.1.2 Reaction of Oxochlorin under Hydrochloric Acid-catalyzed Schmidt Reaction 
Conditions 
The use of conc. aqueous HCl as the mineral acid in a biphasic system with 1,2-
dichlorobenzene (ODCB) and using a large excess of azide in the attempted Schmidt reaction of 
6 resulted, as per ESI+ MS and 1H NMR (details provided below), in the formation of successively 
meso-chlorinated oxochlorins (Scheme 4-3). Since all four meso-positions are non-equivalent, a 
number of mono-, di-, and tri-halogenated products could be expected, but the reaction is well-
controlled and subject to a degree of regioselectivity: At first, the two readily separable mono-
chlorinated products 13 and 14 are formed, with a 3.5-fold larger amount of the 20-substitued 
product 13 formed over the 5-substituted isomer 14 (see below for a rationalization of the reaction 
mechanism and the regioselectivity). No other single halogenation products were detected. The 
relative higher reactivity of the 20-position of oxochlorin 6 was also observed in a number of 
oxidation reactions.2 The next product to form is the 5,20-dichlorinated species 15, also readily 
isolable by plate chromatography. As the reaction times are extended and the starting material 
gets fully consumed, higher chlorinated products become the major products. However, we could 
not separate the two trichlorinated isomers 16 and 17 and thus isolated them as a mixture. The 
terminal product, meso-tetrachlorooxochlorin 18 is a yellow-green compound that can be isolated 
in up to 77% yield when the reaction times is extended to 24 h.  
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Scheme 4-3. meso-Halogenation of oxochlorin 6 under NaN3/HCl-induced Schmidt reaction 
conditions 
The selectivity of this halogenation reaction of oxochlorin 6 is superior to that of the NCS-
mediated chlorination of 6. NCS was used in the past to achieve meso-chlorination of OEP (1).36-
37 Oxochlorin 6 is also susceptible to a NCS-mediated halogenation, but it furnishes rapidly (1 h, 
rt) a complex mixture of all isomers of the mono- and dichlorinated oxochlorins (as per ESI+ MS 
and TLC), with no perceivable preference for the formation of any single product. 
The UV-vis spectra of the lower halogenated products are regular chlorin-type spectra that 
may be slightly red-shifted compared to the spectrum of the parent ketone 6 (Figure 4-6A). 
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Increasing halogenation also affects the optical spectra, as seen for the significantly red-shifted 
and generally broadened spectrum of the tetrahalogenated species 18 (Figure 4-6B). This 
observation is typical for per-halogenated porphyrins.38-39 
 
Figure 4- 6. UV-vis spectra (CHCl3) of the compounds indicated 
The 1D and 2D NMR 1H NMR spectra of the mono- and dihalogenated products allow their 
unambiguous identification. This is accomplished by 1H,1H-NOESY spectroscopy (Figure 4-7). 
Key to this is the facile identification of the meso-groups adjacent to the gem-diethyl groups and 
the ketone group. The two diastereotopic CH2-protons of the gem-diethyl groups are readily 
recognized. Their correlation to a neighboring meso-group identifies the most high-field shifted 
meso-H atom signal as the 5-position. All other meso-proton signals correlate each to two other 
CH2-groups, thus identifying mono-chlorinated product 13. Similarly, the meso-group at the 20-
position correlates to only one b-ethyl group while the CH2-groups of the gem-diethyl groups do 
not possess any correlation (and the high-field meso-proton signal has vanished). This identifies 
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mono-chlorinated isomer 14. 5,20-Bischlorinated product 15 shows the spectroscopic signatures 
of both 13 and 14. 
Further proof for these assignments were provided by the single crystal X-ray crystal 
structures of 20-chlorooxochlorin 13 and 5,20-dichlorooxochlorin 15 (Figure 4-8). The mono-
halogenated compound 13 is nearly as planar as the parent oxochlorin 6,2 with only a 7° torsion 
angle between the Cmeso-Cl and C=O bonds. Dihalogenation of both meso-positions adjacent to 
the carbonyl group results in a larger distortion (25°) of this angle, but this translates only into a 
10° out-of-plane distortion of the pyrrolinone moiety plane from the mean plane of the macrocycle. 
 
Figure 4-7.  Partial 1H,1H-NOESY spectra of 13 (green),14 (red) and 15 (blue); arrows indicate 
some of the diagnostic correlations 
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Figure 4-8. Stick representation of the X-ray single crystal structures of (A) 
20-chlorooctaethyloxochlorin 13 and (B) 5,20-dichlorooctaethyloxochlorin 15, oblique views. All 
disorder and hydrogen atoms bonded to sp3-carbons removed for clarity.  
While aryl-chlorides can be used for further manipulations,40-42 aryl-bromides are potentially 
more useful in, for example, cross-coupling reactions.42-44 We therefore replaced the conc aq HCl 
with aq HBr or HBr in acetic acid in the reaction of 6 with NaN3. However, both acids resulted in 
the formation of complex reaction mixtures. Partial bromination of the ethyl groups could be 
recognized in some products.36 We abandoned the investigation of this reaction. 
OEP is also susceptible to this meso-chlorination reaction. However, due to the low solubility 
of OEP 1 in ODCB, only a small amount of OEP was converted to 5-chloro-octaethylporphyrin 
under the biphasic conditions. However, OEP in conc aq HCl/NaN3 reaction generated the known 
products 5-chloro- and 5,15-dichloro-octaethylporphyrin in respectable yields within 2 h.37-38 
4.1.3 Mechanistic Consideration of the meso-Chlorination of Oxochlorin using HCl/NaN3 
We are not aware that the combination of aq HCl/NaN3 has been described as a halogenation 
method.45 Computations detailed below will provide some support that the halogenation is an 
electrophilic aromatic substitution reaction on mono-protonated dioxochlorin 6·H+. But what might 
be a reasonable electrophile? We suspect it is chloramine. Its high reactivity with respect to 
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halogenation reactions is well-known.46-47 The formation of chloramine can be rationalized 
(Scheme 4-4). The protonation of azide 20 produces azoic acid 21. This may be protonated again, 
followed by nucleophilic attack by Cl– and loss of N2, thus generating chloramine 19. 
 
 
Scheme 4-4. Proposed formation of chloramine 19 from azide 20 in conc aq HCl 
Assuming an electrophilic aromatic substitution reaction also rationalizes the pronounced 
effects the choice of organic solvents have on the outcome of the reaction. When using toluene, 
very little consumption of 6 is observed and chlorinated toluene was observed by MS. No reaction 
was observed in 1,2,4-trimethylbenzene that is even more susceptible to chlorination. CHCl3 leads 
to a high reactivity of 6, but was dismissed for safety reasons. 
Having identified a potential electrophile and likely chlorination mechanism, this raises the 
question whether (protonated) oxochlorin 6 is susceptible to an electrophilic aromatic substitution, 
and whether the observed regioselectivity of the reaction can be rationalized. Computations 
provide insight into both aspects of this halogenation reaction. 
The computed average local ionization energies (ALIEs) were shown to be simple quantitative 
reactivity predictors of the nucleophilicities of aromatic molecules in cases where steric influences 
are low,48 including in porphyrins.49 Ignoring steric effects, this is because the ionization energies 
approximate the electronic energy change accompanying the rate-determining step in the 
reactions of electrophiles with aromatic molecules. Hence, a plot of the ALIE surfaces allows the 
direct visualization of the predicted sites of reactivity toward an electrophilic attack. 
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We computed the ALIE surfaces of octaethyloxoporphyrin 6 in the neutral, mono-, and 
diprotonated states (Figure 4-9).  
 
Figure 4- 9. ALIE surfaces with an energy range from 0 to 0.4 eV (lowest absolute values: 8.12 
eV, 11.66 eV, 14.79 eV for 6, 6·H+, and 6·H2+) of the species indicated, highlighting the sites of 
highest nucleophilicity. Left column: top view; right column: rear view. The red color in the ALIE 
surfaces shows the area of lowest ionization energy = highest reactivity toward electrophilic 
substitution. 
In the neutral state, none of the meso-positions show a significantly lower ionization potential 
(i.e., higher reactivity) that could rationalize our experimental findings. In the monoprotonated 
state 6·H+, however, the reactivity of the 5- and 20-positions are significantly increased, with the 
position adjacent to the oxo-group being the most reactive. From a purely electronic point of view, 
mono-chlorination would be predicted to produce a mixture of the 20- and 5-chloro isomers in a 
ratio of 1.8:1 in favour of 20-chloro compound 13. Considering steric effects, the 20-position is 
also slightly preferred, because it has only one flanking ethyl group (instead of three for the 5-
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position), this finding matches the experimental findings very well. The diprotonated molecule 
6·2H2+ still shows an increased reactivity of the 5- and 20-positions, but the relative difference in 
reactivity between them and the other meso-positions is washed out. 
The ALIEs accurately predict also the regioselectivity of the subsequent chlorinations (Figure 
4-10): The ALIEs of the mono-protonated compounds 13·H+ and 14·H+ correctly predict that 
dichlorination will take place solely at the 5- or 20 position, respectively.  
 
Figure 4-10. ALIEs of the monoprotonated 13 and 14 show that chlorination will solely take 
place at the 5- or 20- positions, respectively. For both compounds an energy range of 0.4 eV is 
shown, starting at an absolute value of 11.78 eV. 
Interestingly, for monoprotonated dichlorooxochlorin 15·H+, the ALIEs predict a chlorination 
selectively at the 10-position (ratio of 16 to 17 would be 12:1)(Figure 4-11). However, it seems 
that the pronounced distortion in 15·H+ as the result of the combination of halogenation and 
protonation also enables diprotonation (forming 15·2H2+) to take place. In accordance with the 
experiment, the ALIEs of 15.2H2+ shows no preference for the third halogenation of the 10- or 15-
position. 
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Figure 4-11. ALIEs of the mono and diprotonated 15: while for the monoprotonated form 15·H+ 
a clear preference for a chlorination at the 10-position is to be expected, diprotonated 15 H2+ 
does not show any preference for the 10 or 15 position. Here an increased energy range of 0.8 
eV is shown to emphasize the differences in the meso-positions of the compounds 
4.1.4 Base Properties of Oxochlorin 6 
The match of the experimental results with the ALIE computations for mono-protonated 6·H+ 
suggest that 6 is, under the reaction conditions of the halogenation reaction, mono-protonated 
and not, as generally observed for porphyrins, diprotonated. In fact, the protonation state of 
oxochlorin 6 was much debated, with conflicting arguments presented for the presence of mono-
, di-, and even tricationic species under a variety of protonation conditions.50-53  
Oxochlorin 6 exhibits solvatochromism (Figure 4-12). Its UV-vis spectrum in CHCl3 is 10 nm 
red-shifted compared to its spectrum in toluene (or ODCB). But when washed with 12 M aq HCl, 
both solvents show the formation of the identical species, characterized by a lmax band at 622 nm 
and a split Soret band. Consistent with Stolzenberg’s report,50 but contrary to Papkovsky’s 
reports,51, 53-54 we interpret the species with the lmax = 622 nm as the mono-protonated species 
6·H+.  
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Figure 4-12. UV-vis spectrum of 6 in the solvents indicated 
We base this on the results of UV-vis titrations that provided only indications for the formation 
of a mono-protonated species under the conditions tested (Figure 4-13). 
 
Figure 4-13. UV-vis titration of 6 (CHCl3) with TFA at the stoichiometric ratios indicated. Overall 
dilution < 5 vol%. 
The computations provided additional insight and support for this. ALIE surfaces for neutral 6 
species show an area of high nucleophilicity at the inner nitrogen opposite of the oxopyrroline 
(Figure 4-14), suggestive of the first site of protonation.  
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Figure 4-14. Protonation side as expected from ALIEs with an energy range from 0 to 1.4 eV. 
For 6 only protonation at the inner nitrogen has to be expected (above) while for 6.H+ - if at all -
protonation would take place at the other inner nitrogen (middle) and for 6.2H+ no protonation at 
the keto oxygen can be expected (below) 
The mono-protonated species, on the other hand, does only show a very small nucleophilicity 
at the inner nitrogens. Correspondingly, DG for the mono-protonation is calculated to 
be -16 kcal/mol, but is only -4 kcal/mol for the diprotonation. Considering that the oxo-functionality 
of 6 is in conjugation with the imine within the pyrrolinone, thus drastically reducing its basicity, 
these findings are reasonable. Also, the crystal structure reported for an imine derivative of 6 also 
shows selective mono-protonation at this site.1 
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4.2 Conclusions 
In conclusion, standard Schmidt reaction conditions (H2SO4/NaN3) applied to oxochlorin 6 did 
not proceed to form the expected lactam, but the a-hydroxyketone 9 was isolated. This suggested 
that a nitrene intermediate had formed, but that it did not rearrange to form a ring-expanded 
product. Instead, a substituent of generally lower migratory aptitude rearranged allowing the 
retention of the stable and strain-free planar conformation of the starting tetrapyrrolic framework.  
Using HCl/NaN3, the reaction led to a controlled, stepwise and somewhat regioselective 
chlorination of the 20-(preferred) or the 5-position, followed by the formation of the 5,20-
dichlorinated product, followed by an inseparable mixture of the 5,10,20- and 5,15,20-
trichlorinated products, and eventually to the tetrachlorinated 5,10,15,20-tetrachlorinated 
oxochlorin 11. We are not aware that the use of aq HCl/NaN3 was ever reported to lead to a 
chlorination reaction. We suggest that an electrophilic aromatic substitution by an in situ formed 
chloramine species had taken place. Mono-protonated oxochlorin 6·H+ was predicted to be the 
key species to be halogenated as only this species was predicted to possess the prerequisites 
for the observed regioselectivity. A number of computational and experimental findings further 
support this supposition. The meso-halogenation reaction was demonstrated to be more 
regioselective and better yielding than the corresponding traditional halogenation reaction using 
NCS. 
4.3 Experimental Section 
4.3.1 Materials and Instrumentation  
Solvents and reagents were used as received. OEP 155 was converted to oxochlorin 6 using 
either the procedures described by Chang et al. or Inhoffen et al.27-28 Aluminum-backed, silica gel 
60, 250 μm thickness analytical plates, 20 ´ 20 cm, glass-backed, silica gel 60, 500 μm thickness 
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preparative TLC plates, and standard grade, 60 Å, 32-63 μm flash column silica gel were used. 
Alternatively, flash column chromatography was performed on an automated flash 
chromatography system, on normal-phase silica gel columns. The fluorescence yields (f were 
determined relative to that of octaethylporphyrin of 0.13 (benzene).56 
1H and 13C NMR spectra were recorded with Bruker 300, 400 and 500 MHz instruments in the 
solvents indicated and are referenced to residual solvent peaks. UV/Vis spectra were recorded 
with a Cary 50 spectrophotometer, fluorescence spectra with a Cary Eclipse fluorimeter, both 
Varian, Inc. High- and low-resolution mass spectra were provided by the Mass Spectrometry 
Facility, Department of Chemistry, University of Connecticut. 
4.3.2 Details to the Computations 
 As reported previously,49 all calculations have been done using Gaussian0957 using B3LYP-
D3/def2-SVP for the optimizations and a combination of multiwfn,58 VMD,59 and PovRay was used 
to graph the ALIE surfaces. 
4.3.3 SAFETY NOTICE  
In reaction with water or Brønsted acids, NaN3 forms the volatile, highly toxic, and explosive 
hydrogen azide (HN3).45 The use of a well-ventilated fume hood is mandatory for the reaction and 
the initial work-up. The amount of azide used should be limited. Also note that because of the 
potential for the formation of the explosive azidomethanes CH2Cl2/CHCl3 should be avoided when 
working with azides.60 
Schmidt Reaction Conditions 
 
 
130 
4.3.4 Synthesis and characterizations 
Heptaethyl-3-hydroxy-2-oxochlorin (9-rac). Oxochlorin 6 (28.9 mg, 5.25 ´ 10-5 mol) was 
placed in a 25 mL round-bottom flask equipped with a reflux condenser and dissolved in conc 
sulfuric acid (95-98% H2SO4, 10 mL). Sodium azide (108 mg, 1.61 ´ 10-3 mol, 30 eq) was added 
and the reaction was heated to 130 °C for 2 h. The reaction mixture was allowed to cool to r.t. 
and was poured over crushed ice (100 g). The crude product mixture was extracted with ethyl 
acetate (4 ´ 15 mL). The combined organic layers were washed with a sat’d aq NaHCO3 solution 
(´ 3), dried over anhydrous Na2SO4, and the solvent was removed by rotary evaporation. The 
residue was separated by preparative TLC (silica-CHCl3) to afford starting material 6 (6.5 mg, 
22%), OEP 1 (4.4 mg, 16%), and product 9-rac as a dark green powder (6.2 mg, 23%). 9-rac: 
MW = 538.7 g/mol; Rf = 0.13 (silica-100% CHCl3); IR (neat): nC=O = 1695 cm-1; UV-vis (CHCl3) 
λmax (log e): 412 (4.85), 512 (3.60), 556 (3.72), 591 (3.55), 646 (4.31) nm; Fluorescence λmax (C6H6, 
λexc = 402 nm): 650 nm, f = 0.08; 1H NMR (400 MHz, CDCl3, 40 °C): d 9.98 (s, 1H, meso-CH), 
9.85 (s, 1H, meso-CH), 9.71 (s, 1H, meso-CH), 9.33 (s, 1H, meso-CH), 4.08-3.94 (m, 12H, b-
CH2), 3.35 (br s, 1H, exchangeable with D2O, 3-OH), 2.73-2.62 (m, 2H, 3-CH2), 1.93-1.84 (m, 
18H, b-CH3), 0.67 (t, 3J = 7.3 Hz, 3H, 3-CH3), -2.75 (br s, 1H, exchangeable with D2O, NH), -2.87 
(br s, 1H, exchangeable with D2O, NH) ppm; 13C NMR (100 MHz, CDCl3, 40 °C): d 209.1, 160.7, 
153.3, 144.7, 143.7, 143.4, 143.0, 139.1, 138.1, 138.0, 137.9, 135.5, 134.8, 133.7, 100.1, 98.1, 
92.6, 91.3, 80.8, 32.4, 19.7, 19.4, 19.3, 19.2, 18.4, 18.3, 18.2, 18.0, 17.9, 7.3 ppm; HR-MS (ESI+, 
100% CH3CN, TOF): m/z calc’d. for C34H43N4O2 539.3381 (for M·H+); found 539.3389. 
Schmidt Reaction Conditions 
 
 
131 
 
Figure 4-15. 1H NMR spectrum (400 MHz, CDCl3, 40 °C) of 9 
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Figure 4-16. 13C NMR spectrum (100 MHz, CDCl3, 40 °C) of 9 
 
Figure 4-17. IR spectrum (neat, diamond ATR) of 9 
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Figure 4-18. UV-vis spectrum (CHCl3) of 9 
 
Figure 4-19. Fluorescence emission spectrum (C6H6) of 9 lexcitation = 402 nm  
meso-Chlorination of Oxochlorin 6. Reagent quantities, times, products, and yields isolated 
are specified in Table 1. Oxochlorin 6 was dissolved in 1,2-dichlorobenzene in a 100 mL round-
bottom flask equipped with a magnetic stir bar. Conc. aq HCl was added to the stirring solution, 
followed by solid NaN3, and the mixture was stirred at ambient temperature, followed by an 
additional batch of NaN3. During this time, the color of the solution changed from sky blue to 
greenish blue then yellowish green. The reaction mixture was poured onto crushed ice (250 g) 
and then extracted with ethyl acetate (3 ´ 10 mL). The combined organic fractions were washed 
N
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with satd. aq. NaHCO3 (3 ´  10 mL), brine, dried over Na2SO4, and evaporated to dryness by rotary 
evaporation. The mixture was separated by preparative TLC (silica–50% CH2Cl2/hexanes).  
 
Oxochlorin 6 
(´ 10-5 mol) 
Solvents[a] NaN3 [mg] Time[b] Products 
(isolated yields) 
31 mg (5.6) ODCB: 10 mL 
HCl: 30 mL 
170 + 170 
after 1 h 
2 h 6 (13.3 mg, 43%) 
13 (8.2 mg, 25%) 
14 (2.5 mg, 8%) 
15 (2.5 mg, 7%) 
38 mg (6.8) ODCB: 10 mL 
HCl: 30 mL 
170 + 170 
after 1 h 
5 h 13 (11.4 mg, 24%) 
14 (3.2mg, 8%) 
15 (7.6 mg, 17%) 
16+17 (10.5 mg, 26%) 
15 mg (2.7) ODCB: 4 mL 
HCl: 12 mL 
170 + 170 
after 1h 
18 h 16+17 (4.4 mg, 25%) 
18 (10.3 mg, 48 %) 
15 mg (2.7) ODCB: 4 mL 
HCl: 12 mL 
170 + 170 
after 1 h 
24 h 18 (14.2 mg, 77%) 
[a] ODCB: 99% pure 1,2-dichlorobenzene; 37% aq HCl; [b] Total reaction time before ice quench; 
all reactions at ambient temperature  
Table 4-1. Specific Reaction Conditions for the meso-Chlorination of Oxochlorin 6 in a 
Bisphasic 1,2-dichlorobenzene/aq. HCl Systems 
20-Chlorooctaethyl-2-oxochlorin 13: MW= 585.2 g/mol, Rf = 0.25 (silica–50% 
hexanes/CH2Cl2); IR (neat): nC=O = 1713 cm-1; UV-vis (CHCl3) λmax (log e): 412 (5.30), 516 (4.05), 
555 (3.99), 589 (3.84), 643 (4.38) nm; Fluorescence λmax (C6H6, λexc = 412 nm): 646 nm, f = 0.014; 
1H NMR (400 MHz, CDCl3, 25 °C): d 9.94 (s, 1H, meso-CH), 9.62 (s, 1H, meso-CH), 9.01 (s, 1H, 
meso-CH), 4.26-4.19 (q, 2H, b-CH2), 4.13-4.05 (q, 2H, b-CH2), 4.01-3.91 (m, 4H, b-CH2), 3.88-
3.82 (m, 4H, b-CH2), 2.73-2.70 (m, 4H, 3-CH2), 1.90-1.78 (m, 18H, b-CH3), 0.37 (t, 6H, 3J = 7.4 
Hz, 3-CH3), -2.05 (br s, 1H, NH), -2.39 (br, s, 1H, NH) ppm; 13C NMR (100 MHz, CDCl3, 25 °C): d 
208.9, 161.6, 155.5, 150.3, 145.5, 143.2, 141.3, 140.0, 139.0, 138.4, 137.7, 137.5, 132.3, 131.1, 
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108.6, 100.9, 96.8, 90.9, 61.8, 22.2, 19.7, 19.6, 19.5, 19.4, 18.5, 18.3, 18.2, 18.1, 17.9, 17.2, 8.4 
ppm; HR-MS (ESI+, 100% CH3CN, TOF): m/z calc’d for 585.3355 C36H46ClN4O (for M·H+), found 
585.3348.  
 
Figure 4-20. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of 13  
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Figure 4-21. 1H-1H NOESY spectrum of 13 
 
Figure 4-22. meso-Region of 1H-1H NOESY spectrum of 13 
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Figure 4-23. 13C NMR spectrum (100 MHz, CDCl3, 25 °C) of 13 
 
Figure 4-24. UV-vis spectrum (CHCl3) of 13 
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Figure 4-25. Fluorescence emission spectrum (C6H6) of 13 (lexcitation = 402 nm) 
 
Figure 4- 26. IR spectrum (neat, diamond ATR) of 13 
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Figure 4-27. ESI+ MS (100% CH3CN, 30 V cone Voltage) of 13 
5-Chlorooctaethyl-2-oxochlorin 14: MW= 585.2 g/mol, Rf = 0.33 (silica–50% 
hexanes/CH2Cl2); IR (neat): nC=O = 1715 cm-1; UV-vis (CHCl3) λmax (log e): 412 (5.21), 514 (3.93), 
552 (3.87), 593 (3.65), 651 (4.40) nm; Fluorescence lmax (C6H6, λexc = 412 nm): 653 nm, f = 0.023; 
1H NMR (400 MHz, CDCl3, 25 °C): d 10.01 (s, 1H, meso-CH), 9.94 (s, 1H, meso-CH), 9.84 (s, 1H, 
meso-CH), 4.29-4.22 (m, 4H, b-CH2), 4.18-4.12 (m, 4H, b-CH2), 4.09-4.04 (m, 4H, b-CH2), 3.97-
3.87 (m, 4H, b-CH2), 3.34-3.25 (m, 2H, 3-CH2), 2.74-2.65 (m, 2H, 3-CH2), 1.90-1.81 (m, 18H, b-
CH3), 0.36-0.32 (t, 6H, 3-CH3), -2.48 (br s, 1H, NH), -2.88 (br s, 1H, NH) ppm; 13C NMR (100 MHz, 
CDCl3, 25 °C): d 212.7, 160.5, 153.4, 151.7, 146.4, 144.6, 144.2, 142.3, 139.42, 139.36, 138.1, 
135.8, 135.0, 134.4, 132.4, 107.3, 98.98, 98.90, 91.9, 63.8, 31.3, 22.4, 19.7, 19.6, 19.5, 19.3, 
18.5, 18.3, 18.2, 18.1, 17.3, 8.8 ppm; HR-MS (ESI+, 100% CH3CN, TOF): m/z calc’d for 
C36H46ClN4O 585.3355 (for M·H+), found 585.3353. 
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Chemical Formula: C36H46ClN4O+
calc'd for: 585.3355
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Figure 4-28. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of 14 
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Figure 4-29. 1H-1H NOESY spectrum of 14 
 
Figure 4-30. meso-Region of 1H-1H NOESY spectra overlay of 14 (red) and 13 (black) 
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Figure 4-31. 13C NMR spectrum (100 MHz, CDCl3, 25 °C) of 14 
 
Figure 4-32. UV-vis spectrum (CHCl3) of 14 
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Figure 4-33. Fluorescence emission spectrum (C6H6) of 14 lexcitation = 402 nm 
 
Figure 4-34. ESI+ MS (100% CH3CN, 30 V cone Voltage) of 14 
5,20-Dichlorooctaethyl-2-oxochlorin 15: MW = 619.7 g/mol; Rf = 0.35 (silica–50% 
CH2Cl2/hexanes); IR (neat): nC=O = 1714 cm-1; UV-vis (CHCl3) λmax (log e): 421 (5.34), 525 (4.09), 
562 (3.96), 603 (3.83), 658 (4.25) nm; Fluorescence lmax (C6H6, λexc = 421 nm): 661 nm, f = 0.004; 
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Chemical Formula: C36H46ClN4O+
calc'd for: 585.3355
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1H NMR (500 MHz, CDCl3, 25 °C): d 9.80 (s, 1H, meso-CH), 9.72 (s, 1H, meso-CH), 4.23-4.16 
(m, 4H, b-CH2), 4.06 (m, 4H, b-CH2), 3.89-3.85 (m, 4H, b-CH2), 3.32-3.24 (m, 2H), 2.75-2.68 (m, 
2H, 3-CH2), 1.84 (m, 18H, b-CH3), 0.43 (t, 3J = 7.5 Hz, 6H, 3-CH3), -2.48 (br, s, 2H, NH) ppm; 
13C NMR (125MHz, CDCl3, 25 °C): d 209.3, 158.3, 154.2, 152.5, 145.2, 144.3, 142.7, 141.6, 
139.7, 134.4, 132.9, 132.4, 109.0, 107.2, 100.2, 98.1, 65.9, 31.8, 22.6, 22.5, 19.58, 19.56, 19.4, 
18.4, 18.3, 18.2, 18.0, 17.1, 17.0, 9.0 ppm; HR-MS (ESI+, 100% CH3CN, TOF): m/z calc’d for 
C36H45Cl2N4O 619.2965 (for M·H+), found 619.2960. 
 
Figure 4-35. 1H NMR spectrum (500 MHz, CDCl3, 25 °C) of 15 
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Figure 4-36. 13C NMR spectrum (125 MHz, CDCl3, 25 °C) of 15 
 
Figure 4-37. meso-Region of the 1H-1H NOESY spectrum of 15 
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Figure 4-38. meso-Region overlay of 1H-1H NOESY spectra of 14 (purple) and 15 (black) 
 
Figure 4- 39. IR spectrum (neat, diamond ATR) of 15 
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Figure 4-40. UV-vis spectrum (CHCl3) of 15 
 
Figure 4-41. Fluorescence emission spectrum (C6H6) of 15 lexcitation = 412 nm 
Inseparable mixture of 5,10,20-trichlorooctaethyl-2-oxochlorins 16 and 5,15,20-
trichlorooctaethyl-2-oxochlorins 17: MW = 654.1 g/mol; Rr = 0.38; IR (neat) nC=O = 1717 cm-1; 
1H NMR (500 MHz, CDCl3, 25 °C): compound A: d 9.13 (s, 1H, meso-CH), 3.96-3.78 (m, 12H, b-
CH2), 3.12-3.05 (m, 2H, 3-CH2), 2.61-2.54 (m, 2H, 3-CH2), 1.76-1.62 (m, 18H, b-CH3), 0.49-0.46 
(t, 6H, 3-CH3), -0.24 (br s, 1H, NH), -0.43 (br s, 1H, NH) ppm; Compound B: d 9.48  (s, 1H, meso-
CH) ppm; HR-MS (TOF, 100% CH3CN): m/z calc’d for C36H43Cl4N4O (for M·H+) 653.2575, found 
653.2559. 
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Figure 4-42. 1H NMR spectrum (500 MHz, CDCl3, 25 °C) of 16 and 17 mixture 
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Figure 4-43. meso-Region overlay of 1H-1H NOESY spectra of inseparable mixture 16 and 17 
 
Figure 4-44. UV-vis spectrum (CHCl3) of a mixture of 16 and 17 
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Figure 4-45. IR spectrum (diamond-ATR) of a mixture of 16 and 17 
5,10,15,20-tetrachlorooctaethyl-2-oxochlorin 18: MW = 688.6 g/mol; Rf = 0.21 (silica-50% 
CH2Cl2/hexanes); IR (neat): nC=O = 1714 cm-1; UV-vis (CHCl3) λmax (log e): 421 (5.34), 525 (4.09), 
562 (3.96), 603 (3.83), 658 (4.25) nm; Fluorescence lmax (C6H6, λexc = 410 nm): 653 nm, f = 0.003; 
1H NMR (400 MHz, CDCl3, 25 °C): d 3.74-3.65 (m, 8H, b-CH2), 3.51-3.42 (m, 4H, b-CH2), 3.00-
2.91 (m, 2H, 3-CH2), 2.51-2.39 (m, 2H, 3-CH2), 1.59-1.44 (m, 18H, b-CH3), 0.45 (t, J = 7.5 Hz, 
6H, 3-CH2), -0.32 (br, s, 2H, NH) ppm; 13C NMR (100 MHz, CDCl3, 25 °C): d 208.7, 159.9, 151.5, 
149.3, 145.5, 144.8, 143.9, 143.4, 141.6, 140.3, 139.4, 135.2, 132.4, 131.7, 130.5, 120.9, 117.1, 
108.7, 107.0, 64.7, 30.9, 21.2, 21.0, 20.8, 20.6, 16.4, 16.3, 16.2, 16.0, 9.1 ppm; HR-MS (TOF, 
100% CH3CN): m/z calc’d for C36H43Cl4N4O (for M·H+) 687.2185, found 687.2166. 
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Figure 4-46. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of 18 
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Figure 4-47. 13C NMR spectrum (100 MHz, CDCl3, 25 °C) of 18 
 
Figure 4-48. UV-vis spectrum (CHCl3) of 18 
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Figure 4-49. IR spectrum (neat, diamond ATR) of 18 
OEP 1 (53.3 mg, 6.6 ´ 10-5 mol) was suspended in conc. aq HCl (80 mL) in a 100 mL round-
bottom flask equipped with a coated magnetic stir bar. Then solid NaN3 (170 mg, 2.61 ´ 10-3 mol, 
25 eq) was added, and the mixture was stirred vigorously at ambient temperature, followed by an 
additional batch of NaN3 (170 mg, 2.61 ´ 10-3 mol, 25 eq) after 1 h. Stirring was continued for 
another 1 h. During this time, the color of the solution changed from pink to purple pink then 
reddish pink. The reaction mixture was poured onto crushed ice (250 g) and then extracted with 
CHCl3 (3 ´ 10 mL). The combined organic fractions were washed with satd. aq. NaHCO3, brine, 
dried over Na2SO4, and evaporated to dryness by rotary evaporation. The mixture was separated 
by preparative TLC (silica–CHCl3). 5,15-dichlorooctaethylporphyrin37-38 (10%) was eluted first and 
followed by 5-chlorooctaethylporphyrin37-38 (20%); 60 % of the starting material 1 were recovered. 
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Cl
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4.3.5 Acidity Study of oxochlorin 6 and chlorinated oxochlorin 
 
Figure 4-50. 1H NMR (400 MHz, CDCl3, 25 °C) spectrum of 6 subjected to increasing amounts 
of TFA. Each plot represents the addition of 20 µL of a 10% TFA solution in CDCl3 to 500 µL of 
a 0.023 M solution of 6 
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Figure 4-51. 1H NMR (400 MHz, CDCl3, 25 °C) spectrum of 6 subjected to increasing amounts 
of TFA. Each plot represents the amount of a 10% TFA solution in CDCl3 to 500 µL of a 0.023 M 
solution of 6 
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4.3.6 Additional details to the ALIE Computations 
 
 
Figure 4-52. ALIEs of the mono and diprotonated 15: while for the monoprotonated form 15·H+ 
a clear preference for a chlorination at the 10-position is to be expected, diprotonated 15 H2+ 
does not show any preference for the 10 or 15 position. Here an increased energy range of 0.8 
eV is shown to emphasize the differences in the meso-positions of the compounds 
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5 Ring-opening Transformations of Octaethyl-2-oxochlorin 
5.1 Introduction 
Ring-opening reactions of porphyrins and hydroporphyrins as a result of oxidative attacks at 
their meso-positions to form open-chain chromophores are common in biology 1-5. For instance, 
heme from senescent erythrocytes is, catalyzed by the enzyme heme oxygenase, degraded along 
a regiospecific meso-ring opening pathway (Scheme 5-1). The mechanism is known 1, 6: meso-
Hydroxylation of heme 1, generating hydroxyheme 2, is followed by iron reduction and excision 
of the previously hydroxylated meso-carbon as CO, forming the intermediate verdoheme 3. This 
is ring-opened and demetallated to a single isomer of the green open-chain tetrapyrrolic pigment 
biliverdin 4. Related chlorin (chlorophyll) degradation pathways are also well-described 3, 5, 7. 
 
Scheme 5-1. Heme oxygenase-catalyzed conversion of heme to biliverdin IX-a 
The heme degradation process can also be mimicked in vitro 8-9. However, this uncatalyzed 
cleavage reaction is not regiospecific. Thus, up to four products resulting from ring cleavage at all 
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possible nonequivalent meso-carbons of non-symmetric porphyrins (such as heme) are formed 
(albeit at slightly differing relative yields, ranging from 18-32%), generating biliverdins-a to d 8-9. 
Naturally, this regioselectivity problem is not encountered when ring-opening symmetric 
porphyrins, such as octaethylporphyrin 5 (as its iron complex), and only biliverdin 9 is formed 
(Scheme 5-2) 10-15. A number of classic and recent reports dealt with the oxidative ring-opening 
of (symmetric) synthetic porphyrins, and the chemistry of the oxidation products 16-20. 
 
Scheme 5-2. Ring-cleavage of meso-activated oxochlorin 7 according to Smith and co-
workers16 
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The iron complexes of meso-aminooctaethylporphyrin also undergoes oxidative ring-opening 
reactions under a number of conditions that retain the meso-carbon in the bilin products 17-18. In 
this respect, these degradation reactions resemble those of the catabolism of chlorophyll 7. 
Importantly in the context of this contribution, this reaction is an example that the outcome of the 
ring-cleavage can be directed to a specific meso-carbon by derivatization/activation of the 
substrate, in the particular case of the meso-amines presumably the most electron-rich site. 
Similarly, the singlet oxygen-driven photo-oxygenation of [octaethylchlorinato]zinc(II) also leads 
to the regiospecific formation of zinc formylbilins that resulted from the cleavage of the rings 
adjacent to the pyrroline moiety 19-20. Fully asymmetric synthetic porphyrins and chlorins can also 
be ring-opened in regioselective fashion if the ring-opening reaction is preceded by a (biomimetic) 
meso-activation step. One example is the preparation of the synthetic bilin 8-g, derived from the 
ring-opening of [10-trifluoroacetyloctaethyloxochlorinato]zinc complex 7, itself made by oxidation 
of oxochlorin 6 (Scheme 5-2) 16. Curiously, 8-g adopted a stretched, near-planar conformation 
with the central double bond in the E-configuration. This was rationalized by the facile enolization 
of the central double bond that is in conjugation with the b-ketone functionality 16. Even though 
other regioisomers of trifluoroacetyl-derivatized oxochlorin 7 were reported 16, their ring-opening 
reactions were not described.  
Oxochlorin 6 is available along a number of complementary pathways from octaethylporphyrin 
(5): via an OsO4-mediated dihydroxylation and subsequent pinacol-pinacolone-type 
rearrangement of the chlorin diol or, most conveniently, by an one-step oxidation/rearrangement 
protocol of 5 in H2SO4/H2O2 21-26. In due course of an investigation of a range of classic ring-
expansion reactions applied to oxochlorin 6 27-29, we found the meso-position adjacent to the 
ketone functionality in octaethyloxochlorin to be the most activated position toward oxidative 
modifications (chlorination29 and hydroxylation28). 
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This finding inspired the question whether the regioselectivities observed for some reactions 
of oxochlorin 6 would also translate to a regioselective ring-cleavage reaction using known ring-
opening reaction conditions 8-9. It is further well-known that porphyrins can be degraded to 
maleimides using chromic acid (CrO3 in H2SO4 for 5 h at ambient temperature) 7, 30. Since this 
degradation involves a cleavage of the macrocycle and open chain pigments at the meso-
positions, we rationalized that a carefully controlled reaction of oxochlorin 6 under these 
conditions might allow the isolation of the first projected oxidation product, the biliverdin, perhaps 
even in regioselective fashion. The results of these investigations are reported here. 
In short, using two different oxidation methods, mixtures of all possible compounds 8-a 
through 8-g were observed. Only some degree of regioselectivity of the ring-opening reactions 
was noted. One of the previously unknown cleavage products was characterized by X-ray 
diffractometry. 2D NMR spectroscopy techniques were used to determine the connectivity and 
solution configuration of three out of the four regioisomers, confirming that 8-g is present in the 
EZE conformation 16, while the others are in the ZZZ conformation. 
5.2 Results and discussion 
5.2.1 Cr(VI)-Mediated Cleavage of Octaethylporphyrin 
When we dissolved porphyrin 5 in concentrated (95-98%) H2SO4 and added 5 equiv of CrO3 
at ambient temperature and periodically worked up aliquots of the reaction mixture over the 
course of 18 h, we observed the slow consumption of the starting material and the appearance of 
a major product we could identify as known biliverdin 9 31. After 18 h, the yield for 9 was ~30% 
after ~60% of the starting material was converted. An increase of the reaction time or an increase 
of the equivalents of CrO3 used (up to 8 equiv.) led to a corresponding increase in the conversion 
of porphyrin 5, yet it only marginally increased the yield of biliverdin 9 and a large upturn of the 
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other (unidentified) colored and color-less decomposition products was noticed. Thus, the 
optimized conditions for the CrO3-mediated ring-opening of octaethylporphyrin 5 traded a 
reduction of the overall batch yields of isolated biliverdin for a reduction of the overall fraction of 
porphyrin/biliverdin decomposed and a correspondingly facilitated isolation of the target 
compound. 
5.2.2 Cr(VI)-Mediated Cleavage of 2-Oxochlorin 
We then applied the optimized reaction conditions for the Cr(VI)-mediated cleavage of 
octaethylporphyrin 5 to free base oxochlorin 6. Four blue products could be isolated (Scheme 5-
3). All possessed the composition of C35H47N4O3 (as per HR ESI+ MS of MH+). Their composition 
and biliverdin-type UV-vis spectra (see below) suggested that all four possible isomers of the 
expected oxobiliverdin product 8 were formed. Spectroscopic and structural data presented below 
further confirmed this.  
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Scheme 5-3. Outcome of the ring-cleavage of oxochlorins 6/6FeCl. 
Isomers 8-a, 8-g (literature-known) 16 and 8-d were identified by 1H-1H NOESY NMR spectra. 
However, we did not collect sufficient quantities for in-depth NMR studies of the 4th isomer. We 
thus assigned it to be 8-b by way of exclusion.  
The four oxobiliverdin products were formed in unequal amounts, underlining that some 
degree of regioselectivity is operational in the ring-opening oxidation reaction. The major product 
was 8-a; isomers 8-g and 8-d formed in equal amounts, but only in about a 1/3 molar ratio 
compared to the major product; isomer 8-b was formed only in traces. We later found that the 
dilution of the H2SO4 to 80% (while maintaining the molar ratio of CrO3:5) was beneficial with 
respect to the formation and simplicity of the isolation if the isomers of biliverdin 8, but it still did 
not generate sufficient quantities of 8-b to allow its full characterization. Even considering a 
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recovery of 33% of starting material 6, the fate of only about 3/4 of starting material 6 could be 
accounted for. The remainder of the starting material was presumed to have been degraded to 
smaller than linear tetrapyrrolic products. This outcome is not untypical for such ring-cleavage 
reactions 32. The observation that biliverdin 8-a is the most prevalent product fits the observation 
that the meso-position adjacent to the pyrrolinone-oxo functionality is the most susceptible to 
electrophilic 28 or oxidative 29 attack. 
5.2.3 Oxidative Cleavage of [2-Oxochlorinato]FeCl 
The classic ascorbic acid/oxygen cleavage condition of the hemes 9-12, 15, 33-34 was applied to 
[octaethyl-2-oxochlorinato]iron(III) chloride 6FeCl, itself formed by insertion of iron(III) into free 
base 6 using a procedure reported by Bonnett et al. 15. The identical set of four oxobiliverdin 
products as were obtained from the Cr(VI)-mediated oxidative ring-opening of 6 were formed, and 
also in unequal amounts (Scheme 5-3). This reaction showed a slightly different regioselectivity, 
however. The major product (14% isolated yield) was 8-g. The isomers 8-a and 8-d formed in a 
1:1 ratio, but each only in about a 1/4 molar ratio relative to 8-g. Again, only traces of the 4th isomer 
8-b were detected. Taking the recovery of the starting material (14%, in the form of demetallated 
6) into consideration, about half of the starting material could not be accounted for. We cannot 
open an explanation as to why the two different oxidation methods show different product profiles. 
5.2.4 Crystal Structures of Biliverdin Isomers 8-a and 8-g 
Biliverdin 8-a could be crystallized and analyzed by single crystal diffractometry (Figure 5-1). 
The (chiral) helical conformation of the backbone of this biliverdin featuring a Z-configuration of 
the central double bond is much in line with those observed for other biliverdins 35-36. While we did 
not explicitly study the configurational stability of this compound under different light conditions 37-
38, we never observed anything that would suggest any configurational instability. We also 
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crystallized a second polymorphs of 8-a, 8-a’, with a different packing arrangement, but an 
essentially identical molecular structure, differing only in the torsion angles of some of the ethyl 
substituents. 
This conformation stands in clear contrast to the unusual extended, near-planar structure of 
8-g with the central double bond in the E-configuration, as described previously by Smith et al. 16, 
and that we were able to confirm experimentally by spectroscopic analysis and single crystal X-
ray diffraction. The inclusion of the newly determined structure here serves as comparison, but it 
also validates that this configuration is indeed native to this molecule, irrespective of its synthesis 
or crystallization conditions. This conformation is, as was pointed out previously 16, likely driven 
by the ability to express H-bonds between the NH atoms of one half of the molecule with the b-
oxo group of the other half; it is made kinetically readily possible by a facile keto-enol 
interconversion of the b-oxo functionality. Light-induced processes that drive the isomerization of 
other phytochromes 4, 38-39 or biliverdins 37 are not needed to rationalize its (stable) configuration.  
 
Figure 5-1. Stick representation of the single-crystal X-ray structure of 8-a and 8-g (A and B) top 
and (C and D) side views, respectively. Only one of the two independent molecules (helimers) in 
the (achiral) unit cell is shown for 8-a. All ethyl hydrogen atoms and for 8-g all solvate molecules 
and disorder are removed for clarity. Arrow in top views indicates point of view of the side views. 
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5.2.5 UV-vis-Spectroscopic Properties of the Biliverdin 8 Isomers. 
Like biliverdin 9, all isomers of trione 8 possess the characteristic two-band UV-vis spectra of 
biliverdins, but the relative intensity ratios of their two bands varies substantially (Figure 5-2).  
 
Figure 5-2. Overlay of the UV-vis spectra (CHCl3) of biliverdins 9 (green), 8-a (orange), 8-g 
(red), 8-d (dark blue) and 8-b (magenta), all normalized to the highest intensity of each spectrum 
Broadly speaking, the spectra fall into two classes: The ‘regular’ spectra of biliverdins 9, 8-a, 
and 8-d are similar to each other and vary from those of biliverdins 8-g and 8-b by an inversion of 
the relative intensities of their short and long wavelength bands. Moreover, the spectra of 8-g and 
8-b show a greater difference between each other than are seen among the three other spectra. 
Since the ZZZ configuration of 8-a was proven by crystallographic analysis, as well as the 
ZEZ-configuration of 8-g (also preserved in solution, see below), their configurations are 
suggestive to rationalize the observed differences.40 In fact, the observation for such 
configuration-dependent optical switching is the basis for biological function of the phytochromes 
39. The ZZZ configuration of 8-a could also be deduced by NMR (see below). Evidently, the 
presence and position of the b-keto functionality has a lesser effect on the optical properties of 
the chromophores than their configurations. 
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The UV-vis spectrum of isomer 8-b is the most blue-shifted of all the biliverdin spectra 
presented and it is the only spectrum displaying a 1:1 ratio of the two bands; it is thus substantially 
different from the ZZZ-configured biliverdins, suggesting it has no such configuration; however, it 
is also significantly different from the spectrum of ZEZ-configured 8-g. Indeed, an inspection of a 
model of ZEZ-configured 8-b shows a steric conflict between the gem-diethyl functionality and the 
NH-protons of the opposite half of the molecule, preventing any stabilizing H-bonds to the 
adjacent keto group (Figure 5-3), thus rendering this configuration implausible. The ZZZ-
configuration of biliverdin isomer 8-b in the syn,syn,anti conformation would, on the other hand, 
be sterically possible and plausible as it would create a new and stable H-bond. Alas, because 
we were not able to prepare significant quantities of isomer 8-b, we could not further support this 
conjecture. The group of Zhang studied the syn,syn,syn and syn,syn,anti conformations of a 
single configuration of a meso-pentafluorophenyl-substituted biliverdin and found only small 
optical differences between them 37. However, the vastly different steric requirements of the meso-
aryl groups and the b-ethyl groups and the presence of the b-keto functionality in 8-b much 
diminish the value of a direct comparison.  
 
Figure 5-3. Implausible ZEZ- and putative ZZZ-configurations of 8-b the arrow indicates the 
single bond around which the conformational change has taken place from the ZZZ-syn,syn,syn 
starting isomer 
8-β in the ZZZ-configuration,
syn,syn,anti-conformation
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5.2.6 IR Spectroscopic Characterization of the Isomers of Biliverdin 8 
The three biliverdins that formed in appreciable amounts all exhibited three distinct nC=O 
stretching signals in their IR spectra, indicative of the presence of one ketone and two lactam 
functionalities (for 8-a at 1734, 1693 and 1662 cm-1; 8-g at 1703, 1662, and 1617 cm-1; 8-d at 
1741, 1668 and 1640 cm-1); in comparison, the nC=O stretch for the lactam carbonyl functionality 
on 9 was reported to be at 1687 cm-1 31 (Figure 5-4) and the nC=O stretch for the b-ketone 
functionality in oxochlorin 6 is at 1710 cm-1 21. Comparing the IR spectra of the three isomers, the 
IR signal positions for isomer 8-a stand out, reflecting the unique a-ketone lactam moiety and the 
H-bonded b-carbonyl in 8-g was shifted to lower stretching frequencies. In contrast, the signals 
assigned to the b-ketone moiety in the other oxo-biliverdins are at higher frequencies, and similar 
to each other. 
 
 
Figure 5-4.  Overlay of the nC=O region of the IR spectra (ATR, neat) of biliverdins 9 (green), 
8-a (orange), 8-g (red), and 8-d (dark blue), all normalized to the highest intensity band in each 
spectrum 
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5.2.7 NMR-Spectroscopic Assignment of the Configuration of the Biliverdin 8 Isomers 
One of the goals of this work was to find spectroscopic signatures that would show whether 
the starkly different conformations of the oxobiliverdins 8 seen in the solid state are also preserved 
in solution, i.e., if 1H NMR data of the oxobiliverdin isomers can provide diagnostic signatures for 
their extended or helical configurations/conformations. The 1H-1H NOESY NMR spectrum of the 
symmetric biliverdin 9 can be used as a convenient reference point (Figure 5-5): 
Ring-opening Transformation of Octaethyl-2-oxochlorin 
 
 
174 
 
Figure 5-5. 1H-1H NOESY NMR spectra (400 or 500 MHz, CDCl3, 25 °C) of biliverdin 9 and 
oxobiliverdin isomers 8-a, 8-g, and 8-d. The color of the correlations shown in the chemical line 
drawing corresponds to the colors used to highlight the correlations of the various meso-protons 
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Two meso-protons were observed at 5.90 and 6.64 ppm with an integration ratio of 2:1, 
indicating that the central meso-proton (at C10) is the most low-field shifted among the meso-
protons, a general finding for biliverdins 35-36, 41. Further, the 1H-1H NOESY NMR spectrum of 
biliverdin 9 shows that the signal assigned to the (equivalent) protons on C5 and C15 is coupled 
with two non-equivalent b-ethyl groups (blue correlations), whereas the signal assigned to the 
proton on C10 is coupled to only one b-ethyl group (red correlations).  
The three biliverdin 8 isomers 8-a, 8-g, and 8-d showed all the expected signals for three 
meso-positions, six regular b-ethyl groups, and two gem-ethyl groups. Three inner NH signals 
were observed for 8-g, but none of the inner NH signal was observed for 8-a, and one inner NH 
signal was missing for 8-d. The latter observations are not unusual as intra- and inter-molecular 
H-bonding may obscure some of the signals. The interpretations of the 1H NMR and 
1H-1H NOESY NMR spectroscopic data of the oxobiliverdin isomers 8-a, 8-g, and 8-d are straight 
forward, whereby the identification of the signals assigned to the gem-diethyl group is key. In the 
1H-1H NOESY NMR spectra of the oxobiliverdins, three types of correlations of the meso-H atoms 
can be distinguished: meso-H atoms correlated to multiple regular b-ethyl groups (highlighted 
blue), meso-H atoms correlated to a single regular b-ethyl group (highlighted red), and meso-H 
atoms correlated to (multiple) regular b-ethyl groups and gem-ethyl group(s) (highlighted green). 
The unique correlation patterns (8-a: 2 ´ blue-, 1 ´ green-type correlation; 8-g: 1 ´ blue, 1 ´ green, 
1 ´ red; 8-d: 2 ´ blue, 1 ´ red) observed in these compounds allows the assignment of the 
connectivity of the oxobiliverdin isomers, i.e., the assignment of the position of the b-oxo moiety. 
Thus, the correlations observed confirm the Z-configuration of the central double bond (at C10) 
for 8-a and 8-d. However, the correlations could not prove or disprove the Z-configuration of the 
central double bond in 8-g. This is because the ‘red-type’ correlation to only one b-ethyl group 
observed is caused by the neighboring position of the keto-group, irrespective of the configuration 
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of the double bond at C10. However, the NH proton correlations provide more direct indications 
for its configuration. 
For those compounds for which all inner protons could be observed (as is the case for 
oxobiliverdin 8-g), their correlations provide some strong evidence for the open, ZEZ-configuration 
for 8-g in solution. Three H protons can be observed, at 8.05, 10.36, and 12.98 ppm. The NH 
protons at 8.05 and 12.98 ppm are coupled through space (as per 1H-1H NOESY NMR 
spectroscopy) to each other, but no coupling correlation with the inner NH proton at 10.36 ppm 
was observed. In the ZZZ-configuration, we would have expected all three protons to be 
correlated to each other. Moreover, the most low-field shifted NH proton is likely shifted as much 
as it did because the ZEZ-configuration allows it to be H-bonded to two carbonyl oxygens. 
Once isomer 8-b becomes available in sufficient quantities, it is expected to show a similar 
correlation pattern as 8-g (1 ´ blue, 1 ´ green, 1 ´ red) if present in the ZZZ-syn,syn,syn helimeric 
form (a modeling of this NMR spectrum is provided in the experimental section). However, the 
large expected separation of the shifts for the meso-protons in C5 and C10 would help to 
distinguish these two isomers 8-b and 8-g. If 8-g is present in the ZZZ-syn,syn,anti form (Figure 
5-28), additional correlations are expected to become visible. 
5.3 Conclusions 
Octaethyl-2-oxochlorin could be ring-opened to oxobiliverdin 8 using two different oxidation 
methods (a novel CrO3-mediated oxidation of the free base and a classic ascorbic acid/oxygen 
oxidation of the Fe(III)Cl complex). Mixtures of all possible regioisomeric products (8-a through 
8-g) were observed. A minor degree of regioselectivity is only evident in the ratio of the products 
in the reaction mixture, with the relative regioselectivity shifting with the oxidation method used; 
isomer 8-b was invariably observed to form only in traces. One novel cleavage product (8-a) was 
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characterized by X-ray diffractometry; the unique open form of 8-g, reported previously 16, was 
confirmed. 2D NMR Spectroscopy techniques were used to determine the solution state 
conformation of three out of the four regioisomers, confirming that 8-g is present in the ZEZ-
configuration, while the others are in the ZZZ-configuration. This work is complementary to earlier 
work by Smith and co-workers 16. It broadens the number of octaethylporphyrin-derived biliverdin 
derivatives available, and highlights how the placement of a ketone functionality on the biliverdin 
backbone can be used to controls its conformation. 
5.4 Experimental section 
5.4.1 Instruments 
1H and 13C NMR spectra were recorded on Bruker 400 or 500 MHz instruments in the solvents 
indicated and are referenced to residual solvent peaks. UV-vis spectra were recorded with a Cary 
50 spectrophotometer, Varian, Inc., in the solvents indicated. IR spectra were recorded on a 
Bruker Alpha instrument with a diamond ATR cell. High- and low-resolution mass spectra were 
provided by the Mass Spectrometry Facility, Department of Chemistry, University of Connecticut. 
5.4.2 Materials 
Solvents and reagents were used as received. Octaethylporphyrin (5) 42 was converted to 
oxochlorin 6 using either the procedures described by Chang et al. or Inhoffen and Nolte. 22, 25. 
[Octaethyl-2-oxochlorinato]iron(III) chloride 6FeCl was prepared in 80% yield by insertion of 
iron(III) into free base oxochlorin 6 using the method of Bonnett and Dimsdale 31. Biliverdin 9 was 
prepared as comparison material using the method of Lord et al. 15 
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Aluminum-backed, silica gel 60, 250 µm thickness analytical plates, 20 ´  20 cm, glass-backed, 
silica gel 60, 500 µm thickness preparative TLC plates, and premium grade, 60 Å, 32-63 µm flash 
column silica gel were used. 
5.4.3 Octaethylporphyrin Ring Opening Using Chromic Acid 
Free base octaethylporphyrin 5 (54 mg, 0.1 mmol) was dissolved in conc H2SO4 (96%, 10 mL) 
in a round bottom flask. Then CrO3 (51 mg, 5 equiv) was added to the bright pink mixture and 
stirred for 18 h at ambient temperature. The color of the mixture changed gradually to brownish 
over this time. The mixture was quenched with crushed ice (~60 g) and then extracted with CH2Cl2 
(3 ´ 10 mL). The colored organic phases were separated from the greenish aqueous phases, 
combined, washed with aq. NaHCO3 (6 M), water, and dried over Na2SO4. The organic solvent 
was removed to dryness using rotary evaporation. A short column was used to recover unreacted 
starting material 5 (28 mg, 53%). The polar fractions were flushed out with MeOH and combined. 
The solvent was removed using rotary evaporation, and the fractions were separated by 
preparative TLC (silica–2% MeOH in CH2Cl2) to obtain known biliverdin 9 in 27% yield (15 mg). 
Product 9 possessed all expected spectroscopic properties 31. 
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Figure 5-6. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of oxochlorin 9  
 
 
Figure 5-7. meso-Region of the 1H-1H NOESY (400 MHz, CDCl3) spectrum of 9, allowing the 
assignment of the meso-protons. 
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Figure 5-8. UV-vis spectrum (CHCl3) of 9 
 
Figure 5-9. IR spectrum (neat, ATR) of 9 
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5.4.4 Oxochlorin Ring Opening Method 1 – Oxidation of Oxochlorin Iron(III) Complex 
6FeCl by Oxygen/Ascorbic Acid 
To a solution of [octaethyl-2-oxochlorinatochlorin]iron(III) chloride 6FeCl (40 mg, 0.062 mmol) 
in CH2Cl2 (10 mL) and pyridine (10 mL) was added ascorbic acid (400 mg, 2.26 mmol, 36 equiv). 
Pure oxygen was vigorously bubbled through the mixture. The reaction was monitored by TLC. 
After ~10 min, the starting material was fully converted and the mixture was filtered through a 
~4 ´ 2 cm plug of Celiteâ. The filtrate was reduced to dryness by rotary evaporation. The mixture 
was taken up in dry MeOH (20 mL) and a solution of 10% (w/w) KOH in MeOH (8 mL) was added, 
and the mixture stirred for 5 min. A 25% aq/methanolic HCl solution (12 mL; prepared by dilution 
of a 33% aq. HCl with MeOH) was added dropwise and the resulting mixture was heated to reflux. 
After 10 min, the mixture was allowed to cool, H2O (100 mL) was added and the mixture extracted 
with CH2Cl2 (´ 3). The combined blue organic phases were washed repeatedly with H2O (´ 3), 
NaHCO3 (6 M), dried over Na2SO4, and reduced to dryness using a rotary evaporator. A short 
column (silica–CH2Cl2) was used to separate out non-polar free base oxochlorin 6 (5 mg, 14% 
recovered yield). The polar fractions were flushed out with MeOH, combined, dried, and separated 
using preparative TLC (20 ´ 20 cm, 500 µm silica–2% MeOH in CH2Cl2). Four fractions were 
collected: 8-g, bluish-purple powder, Rf = 0.4 (silica-2% MeOH in CH2Cl2), 18% (7 mg) yield; 8-a, 
blue powder, Rf = 0.11 (silica-2% MeOH in CH2Cl2), 5% (2 mg) yield; 8-d, blue powder, Rf = 0.42 
(silica-2 % MeOH in CH2Cl2), 5% (2 mg) yield, and a trace amount (< 0.5 mg) of 8-b, Rf = 0.27 
(silica-2% MeOH in CH2Cl2). 
5.4.5 Oxochlorin Ring Opening Method 2 – Oxidation of Free Base Oxochlorin Using 
Chromic Acid 
As described for the ring opening of octaethylporphyrin 5 with chromic acid using 2-oxochlorin 
6 (30 mg, 0.045 mmol), 80% aq H2SO4 (10 mL), and CrO3 (30 mg, 5 equiv). The initially bluish-
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green color of the mixture changed gradually to brownish green. A short column was used to 
recover unreacted starting material 6 (10 mg, 33%). The polar fractions were flushed out with 
MeOH and combined, dried, and separated by preparative TLC (silica–2% MeOH in CH2Cl2) to 
obtain 8-g (2 mg, 6% yield), 8-a (5 mg, 16% yield), and 8-d (2.1 mg, 6% yield). The use of 80% 
H2SO4 (while maintaining the molar ratio of 5 equiv CrO3:5) was beneficial with respect to the 
formation and simplicity of isolating the isomers of biliverdin 8, but did not change the relative 
ratios of the products. 
Octaethylbilin-1,2,19-trione (8-a). MW = 570.3 g/mol; Rf = 0.11 (silica-2% MeOH in CH2Cl2); 
1H NMR (400 MHz, CDCl3, 25 °C): d 6.70 (s, 1H), 6.01 (s, 1H), 5.60 (s, 1H), 2.67-2.46 (m, 10H), 
2.29 (q, J = 7.6 Hz, 2H), 2.01 (dd, J = 13.9, 7.4 Hz, 2H), 1.82 (dd, J = 13.9, 7.5 Hz, 2H), 1.29-1.09 
(m, 18H), 0.92 (t, J = 7.4 Hz, 6H) ppm; (500 MHz, d6-acetone, 25 °C): d 9.03 (br s 1H), 6.89 (s, 
1H), 6.10 (s, 1H), 5.80 (s, 1H), 2.70-2.50 (m, 10H), 2.21 (q, J = 7.6 Hz, 2H), 1.96-1.88 (m, 4H), 
1.25-1.11 (m, 15H), 1.03 (t, J = 7.6 Hz, 3H), 0.86 (t, J = 7.3 Hz , 3H); 13C NMR (100 MHz, CDCl3, 
25 °C): d  202.6, 173.5, 164.1, 159.6, 148.8, 147.5, 145.9, 136.6, 136.3, 134.6, 133.1, 131.7, 
130.3, 113.2, 95.9, 93.7, 53.9, 30.2, 17.9, 17.7, 17.6, 17.4, 17.01, 16.96, 16.2, 15.5, 15.2, 13.1, 
8.9 ppm; IR (neat): 1734, 1693, 1662 cm-1; UV-vis (CHCl3) λmax (log e): 349 (3.66), 612 (3.26) nm; 
HR-MS (ESI+, CH3CN, TOF): m/z calc’d for C35H47N4O3+ 570.3570 (for M+); found: 570.3573. 
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Figure 5-10. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of 8-a 
N
N N
N
O
O
OHH
H
Ring-opening Transformation of Octaethyl-2-oxochlorin 
 
 
184 
 
Figure 5-11. 1H NMR spectrum (400 MHz, CDCl3, -40 °C) of 8-a 
 
Figure 5-12. 13C NMR spectrum (100 MHz, CDCl3, 25 °C) of 8-a 
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Figure 5-13. 1H NMR spectrum (500 MHz, d6-acetone, 25 °C) of 8-a 
 
Figure 5-14. meso-Region of the 1H-1H NOESY (400 MHz, CDCl3) spectrum of 8-a, allowing the 
assignment of the meso-protons 
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Figure 5-15. 1H-13C HMBC (400 MHz, CDCl3) spectrum of 8-a 
 
Figure 5-16. Expanded 1H-13C HMBC (400 MHz, CDCl3) spectrum of 8-a 
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Figure 5-17. UV-vis spectrum (CHCl3) of 8-a   
 
Figure 5-18. IR spectrum (neat, ATR) of 8-a 
Octaethylbilin-1,7,19-trione (8-b). MW = 570.3 g/mol; Rf = 0.27 (silica-2% MeOH in CH2Cl2); 
UV-vis (CHCl3) λmax (rel. I): 329 (0.97), 561 (1.00) nm; HR-MS (ESI+, CH3CN, TOF): m/z calc’d 
for C35H48N4O3+ 571.3643 (M+H+); found:571.3524. 
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Figure 5-19. UV-vis spectrum (CHCl3) of 8-b 
 
Figure 5-20. HR-MS spectrum (ESI+, CH3CN, TOF) of 8-b 
Octaethylbilin-1,8,19-trione (8-g). Known compound 16; an expanded data set is provided 
here: MW = 570.3 g/mol; Rf = 0.4 (silica-2% MeOH in CH2Cl2); 1H NMR (500 MHz; CDCl3): d  
12.98 (br s, 1H), 10.36 (br s, 1H), 8.05 (br s, 1H), 7.17 (s, 1H), 6.01 (s, 1H), 5.55 (s, 1H), 2.74 (d, 
J = 7.6 Hz, 2H), 2.64-2.54 (m, 6H), 2.47 (q, J = 7.6 Hz, 4H), 2.01 (dd, J = 13.9, 7.4 Hz, 2H), 1.70 
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(d, J = 6.5 Hz, 2H), 1.30-1.21 (m, 18H), 0.71 (t, J = 7.5 Hz, 6H) ppm; 13C NMR (100 MHz, CDCl3, 
25 °C): d  207.9, 172.0, 170.8, 146.9, 145.8, 145.1, 141.6, 136.1, 135.5, 135.4, 132.7, 131.1, 
130.7, 130.5, 118.8, 95.3, 94.5, 63.1, 29.0, 17.8, 17.6, 17.5, 17.1, 17.0, 16.4, 15.4, 15.3, 13.8, 9.0 
ppm; IR (neat): 1703, 1662, 1617 cm-1; UV-vis (CHCl3) λmax (log e): 327 (3.63), 361 (3.50), 379 
(3.42), 609 (3.86) nm; HR-MS (ESI+, CH3CN): m/z calc’d for C35H47N4O3+ 571.3643 (M+H+); 
found: 571.3664. 
 
Figure 5-21. 1H NMR spectrum (500 MHz, CDCl3, 25° C) of 8-g 
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Figure 5-22. 13C NMR spectrum (125 MHz, CDCl3, 25 °C) of 8-g 
 
Figure 5-23. meso-Region of the 1H-1H NOESY (500 MHz, CDCl3) spectrum of 8-g, allowing the 
assignment of the meso-protons 
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Figure 5-24. UV-vis spectrum (CHCl3) of 8-g 
 
Figure 5-25. IR spectrum (neat, ATR) of 8-g 
Octaethylbilin-1,3,19-trione (8-d). MW = 570.3 g/mol; Rf = 0.42 (silica-2 % MeOH in CH2Cl2); 
1H NMR (500 MHz; CDCl3): d  11.90 (br s, 1H), 9.87 (br s, 1H), 6.82 (s, 1H), 6.73 (s, 1H), 5.95 (s, 
1H), 2.72-2.52 (m, 11H), 2.40 (t, J = 7.5 Hz, 2H), 1.79 (dd, J = 13.9, 7.3 Hz, 2H), 1.68 (t, J = 7.0 
Hz, 2H), 1.28-1.14 (m, 19H), 0.78 (t, J = 7.5 Hz, 6H) ppm; 13C NMR (125 MHz, CDCl3, 25 °C): d  
204.3, 179.4, 171.2, 165.3, 150.4, 145.6, 145.2, 143.00, 142.90, 137.9, 135.6, 134.9, 134.7, 
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132.5, 131.5, 115.3, 110.05, 110.0, 109.9, 104.4, 97.0, 55.0, 29.7, 26.9, 17.9, 17.8, 17.6, 17.6, 
17.3, 17.1, 17.0, 16.9, 16.7, 15.7, 15.5, 13.7, 9.0 ppm; IR (neat): 1741, 1668, 1640 cm-1; UV-vis 
(CHCl3) λmax (log e): 377 (3.96), 600 (3.49), 665 (3.54) nm; HR-MS (ESI+, CH3CN, TOF): m/z 
calc’d for C35H47N4O3+ 571.3643 (M+H+); found: 571.3616. 
 
Figure 5-26. 1H NMR spectrum (500 MHz, CDCl3, 25 °C) of 8-d 
 
Figure 5-27. 13C NMR spectrum (125 MHz, CDCl3, 25 °C) of 8-d 
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Figure 5-28. meso-Region of the 1H-1H NOESY (500 MHz, CDCl3) spectrum of 8-d, allowing the 
assignment of the meso-protons 
 
Figure 5-29. UV-vis spectrum (CHCl3) of 8-d 
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Figure 5-30. IR spectrum (neat, ATR) of 8-d 
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6 Metallation on Dioxochlorin (Summary of an REU project) 
6.1 Introduction of tolyporphin A 
Tolyporphins are a family of tetrapyrroles isolated from the cyanobacterium Tolypothrix 
nodosa. They share a unique 2,12-dioxobacteriochlorin macrocycle structure derivatized at the 
ß-positions with C-glycosides. The most prevalent and well-studied member of the class is 
tolyporphin A (1).1-3 
 
Tolyporphin A effectively reverses multidrug resistance (MDR) of cancer cells.1 MDR 
describes the phenomenon that cells can become resistant to many chemotherapeutics by an 
overexpression of a transmembrane P-glycoprotein pump that detoxifies cells by exporting 
hundreds of chemically unrelated toxins out of cells, thereby lowering their intracellular 
concentrations. Finding drugs that reverse this significant limitation of cancer chemotherapies is 
important. The tolyporphins, however, also exhibit significant cytotoxicity themselves, limiting their 
therapeutic potential.  
Furthermore, it is also known that tolyporphins are effective photosensitizers, i.e., they 
produce, like many tetrapyrrolic pigments, toxic singlet O2 in the presence of light. To more 
conveniently utilize tolyporphins as pharmaceuticals to reverse MDR, their (photo)toxicity must 
be reduced.1-3 
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6.2 Metalation of tolyporphin 
In general, tetrapyrrolic macrocycles are excellent metal chelators for a wide range of metal 
ions.2 hypothesized that the incorporation of a metal ion into the dioxobacterio-chlorin core reduce 
its (photo)cytotoxicity; after all, certain metals ‘switch off’ the ability of a photosensitizer to 
generate singlet oxygen. These authors thus reported the preparation and spectroscopic 
characterization of the Ag(II) and Cu(II) complexes of tolyporphins. These complexes showed 
considerable lower cytotoxicity, albeit they were also considerably less potent in reversing MDR.2 
In due course of this study, the authors reported that no other metal complexes (than the 
Cu(II) and Ag(II) complexes) of the tolyporphins could be observed or isolated using stoichiometric 
excess of the metal salt ZnSO4·7H2O (the Zn(II) complex was observed only under the conditions 
of ESI+ MS), Ni(NO3)2·6H2O, CoCl2·6H2O (in air), Cd(ClO4)2, Pb(NO3)2], FeCl2·4H2O (in air), 
VO(SO4), MgCl2·6H2O, and Na2[PdCl4] or Pd(NO3)2, all in MeOH containing NEt3 at 65–70 °C 
(reflux temperature), over 20−40 min.2 
6.3 Investigation on the 2,12-dioxobacteriochlorin with same framework as tolyporphin 
 It was also not explicitly detailed whether this was due to the instability of the tolyporphin 
preventing the use of more forcing metal insertion conditions or whether the 2,12-
dioxobacteriochlorin framework poses a principle inhibition toward metal insertion. The latter 
consideration is not entirely unjustified: Bacteriochlorins are much less basic than the 
corresponding chlorins or even porphyrins, and the basicity of the two imine nitrogens in the 
framework are expected to be further reduced by the presence of the b-oxo-functionalities. 
Compared to the broadly investigated coordination properties of porphyrins, those of the 
hydroporphyrins in general, and the bacteriochlorins in particular, have been studied to a much 
smaller degree. On the other hand, the complexes of oxochlorins and 2,7-dioxoisobacteriochlorins 
have been reported. 
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We thus set out to study the chelation properties of the tolyporphin chromophore model 
compound octaethyl-2,12-dioxobacteriochlorin to test whether the findings of Prinsep et al. are 
due to inherent properties of the dioxobacteriochlorin macrocycle. In short, our results suggest 
that the 2,12-dioxobacteriochlorin macrocycle is competent in forming a range of metal complexes 
and that the conditions utilized by Prinsep et al. for their attempted formation were in large part 
too mild. 
6.4 Experimental scope, results and discussion 
An OEP-derived ketone, 2,12-dioxochlorin 2 is readily accessible from the direct oxidation of 
OEP (4) in H2SO4/H2O2 (Scheme 6-1).4-8 A 5% yield of product can be obtained along with 
octaethyl-2-oxochlorin 3, four dioxochlorin isomers of 2 and other products. Experiments with 
different of solvents and temperatures led to formation of varies of 2M (Scheme 6-1). 
 
Scheme 6-1. Synthesis of the metal complexes 2M from octaethyl-2,12-dioxobacteriochlorin 2 
N N
NN
O
O
H
H
N N
NN
O
O
M
M-salt, Δ,
base
2 (x%)
2M
2Fe: M = Fe(III)Cl
2Co: M = Co(II)
2Ni: M = Ni(II)
2Cu: M = Cu(II)
2Zn: M = Zn(II)
2Cd: M = Cd(II)
2Ag: M = Ag(II)
2Pd: M = Pd(II)
2Pb: M = Pb(II)
N N
NN
H
H
1. H2O2/H2SO4
2. H2O
3. Chromatography
N N
NN
O
H
H
3 (xx%)
+
+ other dioxoisomers
+ other products
4
6. Metallation of Dioxochlorin 
 
 
202 
6.5 Kinetic comparison  
A series of parallel reactions were conducted for OEP 4, oxochlorin 3, and 
dioxobacteriochlorin 2 to compare their relative metal-insertion reaction rates: Three 15 mL two-
necked pear flasks equipped with a reflux condenser and a stir bar and mounted next to each 
other into the same silicone oil bath on a hot plate were loaded with 5.3 µmol of the porphyrinoid, 
ZnSO4 (7.0 mg, ~5 equiv) and DMF (3.0 mL). Heating to 153 °C began and aliquots were drawn 
from the samples every 5 min via capillary tube and loaded onto one of several previously 
prepared 250 µm glass backed silica plates. These plates were dried well and developed using 
25% hexanes in CH2Cl2. The time marking complete disappearance of the spot corresponding to 
the starting material was noted. At 20 min, OEP 4 was converted to its zinc complex while 
oxochlorin 3 was converted completely at 75 min. However, dioxochlorin 2 was not to completion 
until 4 h. This same procedure was also carried out using NiCl2·6H2O (7.0 mg, ~5 equiv) in PhCN 
(3.0 mL) at 190 °C.  
6.6 Conclusion  
In conclusion, the metal(II) ions tested form with octaethyl-2,12-dioxobacteriochlorins 
complexes of the stability expected, but slower than the corresponding oxochlorin, and even more 
slowly than octaethylporphyrin. This necessitates the use of more forcing conditions than 
traditionally employed, like using hot DMF instead of hot MeOH for the metal insertion to take 
place within a few hours reaction time. This circumstance is the most likely explanation for the 
reported observation that a number of metal complexes did not form under the conditions tested. 
The metal complexes isolated showed largely the expected optical and analytical properties, 
whereby the structures of some of the metal complexes (such as the Ni(II) complex 2Ni) proved 
to be slightly more planar than the corresponding oxochlorin- or porphyrin complexes, suggestive 
of a larger conformational rigidity of the chromophore. This study thus lays the basis for the further 
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investigation of the metal complexes of 2,12-dioxobacteriochlorins (and likely also other dioxo-
bacteriochchlorin and -isobacteriochlorin isomers); the rare examples of compounds form these 
compound classes were described to possess remarkable optical or electrochemical properties. 
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